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structured lighting environments, and image feature interpretation), while control
system desing has been limited to ad-hoc strategies or linear single degree-of-
freedom (DOF) systems. This dissertation formalizes an analytical approach to
dynamic robot visual servo control systems by organizing and categorizing visual
control strategies into position-based structures and image-based structures.
The image-based structure represents a new approach to visual servo control, which
uses image features (e.g., image areas, and centroids), as feedback control signals,
thus eliminating a complex interpretation step (i.e., interpretation of image features .. -
to derive world-space coordinates). This approach also facilitates robot task
training by a "teach-by-showing" strategy for specification of the control system
reference signal commands. The dissertation includes an in-depth analysis, design,

-" and evaluation of image-based control.

Image-based visual servo (IBVS) control presents formidable engineering problems
for compensator design, including coupled and nonlinear dynamics, kinematics, and
feedback gains, unknown parameters, and measurement noise and delay.;. To satisfy - -
these requirements, a model reference adaptive control (MRAC) feedback system and
a fixed linear model following controller (LMFC) are designed and evaluated using -
mainframe simulation models of two and three DOF systems, incorporating both non-
linear kinematics and dynamics. The MRAC is found to provide superior performance
to the LMFC for large-signal trajectories of systems with unknown or nonlinear
feature sensitivity gains. The issue of selecting features for image-based control
is addressed by defining and evaluating an index of feature coupling. The dissertation
focuses on compensator designs based on multiple uncoupled single-input single-output
(SISO) controllers, for coupled systems, to simplify the design complexity and
implementation.
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Abstract

The objective of this dissertation is to develop analytical tools for the design and evaluation of

feedback compensators for dynamic vision-based robot control.

Sensory systems, such as computer vision, can be used to measure relative robot end-effector (or
*, tool) positions to derive feedback signals for control of end-effector positioning. The role of vision as

the feedback transducer affects closed-loop dynamics, and a visual feedback compensator is
required. Vision-based robot control research has focused on vision processing issues (e.g., image
filtering, structured lighting environments, and image feature interpretation), while control system
design has been limited to ad-hoc strategies or linear single degree-of-freedom (DOF) systems. This

dissertation formalizes an analytical approach to dynamic robot visual servo control systems by
organizing and categorizing visual control strategies into position-based structures and image-based

structures. The image-based structure represents a new approach to visual servo control, which uses
image features (e.g., image areas, and centroids) as feedback control signals, thus eliminating a

complex interpretation step (i.e., interpretation of image features to derive world-space coordinates).
This approach also facilitates robot task training by a "teach-by-showing" strategy for specification of

the control system reference signal commands. The dissertation includes an in-depth analysis,
design, and evaluation of image-based control. \ .

Image-based visual servo (IBVS) control presents formidable engineering problems for
compensator design, including coupled and nonlinear dynamics, kinematics, and feedback gains,
unknown parameters, and measurement noise and delays. To satisfy these requirements, a model

reference adaptive control (MRAC) feedback system and a fixed linear model following controller
(LMFC) are designed and evaluated using mainframe simulation models of two and three DOF

systems, incorporating both nonlinear kinematics and dynamics. The MRAC is found to provide

superior performance to the LMFC for large-signal trajectories of systems with unknown or nonlinear
feature sensitivity gains. The issue of selecting features for image-based control is addressed by
defining and evaluating an index of feature coupling. The dissertation focuses on compensator
designs based on multiple uncoupled single-input single-2utput (SISO) controllers, for coupled
systems, to simplify the design complexity and implementation.
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Chapter 1
Introduction

1.1. Overview

The purpose of this chapter is to present an overview of the dissertation. In Section 1.2, the

background and problems of dynamic visual servo control of robots are outlined, and a novel

image-based approach to visual servo control is introduced. Section 1.3 includes a summary

of the dissertation goals and design approach as well as a chapter-by-chapter outline.

Detailed background and literature surveys are included in Chapter 2, in which the problem

areas and design approaches are described in detail.

1.2. Introduction to Visual Servo Control

A conventional robot arm which is programmed to pick up an object from a table must be

"taught" the position and orientation of that object before it can carry out the task. This

process of teaching a robot positions and updating them for each new object or location is a

routine part of current robot system development, and has become a major limitation in the

adaptation of robots to unstructured tasks including many routine industrial applications.

Flexible robotic systems would provide a capability to automatically modify positions and

trajectories to accommodate changes in the task or task environment. Such flexibility is

achievable only through the integration of sensors into robotic systems, and visual sensing, in

particular, would appear to provide fundamental capabilities in the adaptation of robots to

unstructured tasks. This dissertation will analyze and evaluate strategies which integrate

visual sensing with robot movements, and will emphasize the design of such "visual servo

control systems" in order to achieve stable and predictable system dynamics.

Figure 1-1 illustrates a visual servo control application for a robot. An object is placed on the

table in a position which is unknown to the robot. The robot has not been preprogrammed

with knowledge of the object position. In this sense, the task environment is said to be

4
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Figure 1-1: Robot Acquiring Object Using Computer Vision

"unstructured". A television camera is attached to the robot arm and provides visual sensing

capability. The image acquired by the camera must be processed by a computer vision system

in order to identify the object in the picture. The vision system extracts information from the

image and may infer relationships between the spatial position of the object and camera

position. Such relative position information may be used to guide the robot to acquire the

*- object from the table.

4 Figure 1-2 shows a second typical application of visual servo control. In this case, a

stationary camera is used to observe the lead tip of an electronic component which is held by

the robot hand. The exact position of the lead tip relative to the robot hand is unknown due to

the uncertainty in the forming of the component leads. The camera also observes the hole in

the printed circuit board where the lead will be inserted. The vision system is used to resolve

the uncertainty in lead position relative to the hole position. The robot controller then

repositions the robot arm to correctly align the lead with the hole.

Several key issues arise in the design of visual servo control systems such as those

described above. Processing and interpretation of image information to infer object position

I " , "'' .'"- . ---"'- "' .'"".,- - -. " '-"" ... " " ' ' ." - . -". " -- --- "
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PC Board

Fig ure 1 -2: Robot Assembling PC Boards Using Computer Vision

and orientation are difficult and computationally complex tasks. The resulting estimates may

be uncertain and require computational time delays. The robot controller, in turn, must

compensate for these properties of the vision system as well as those of the robot. The

resulting integrated system should have dynamic properties which are predictable and stable

even in the face of unknown task conditions. In this dissertation, an adaptive controller is

proposed to provide this consistent dynamic system response under unknown conditions.

The interpretation of image information to estimate object position normally requires the

extraction of quantitative image features which are related to a stored object model. The

resulting position estimates may be used to design a "position-based" visual servo control

system. In this dissertation, an alternative strategy is explored. Image features wh~ich are

monotonically relatedi to spatial position may be used as a basis for control in place of

position estimates. Such an "image-based" visual servo control strategy may offer

advantages in terms of reduced delay and estimation noise, but require special attention to

control strategies which accommodate position- to- feature relationships. The image-based

visual servo control strategy is formalized for the first time in this dissertation and control

strategies are examined in detail.

. - .,.
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Robot Model o
End-Ef fector

Reference Arm GoerPosition Solution Closed-loop GoerI | Joint

I Control (No Measurement
or Feedback)

Figure 1-3: Basic Robot Positioning Control

In order to understand the relationship between conventional robot position control and

visual servo control, it is useful to examine a robot positioning system in a bit more detail.

Such a system may be described by the block diagram in Figure 1-3. The desired position of

the robot hand or end-effector is specified by the reference position vector XREF The robot

moves by displacement of individual joint angles described by the vector -REF' and a model of

the robot geometry, called the kinematic arm solution, must be used to find 2 'EF when -REF is

specified. An approximate kinematic arm solution is always available for a real robot though

variations between individual robots may result in significant inaccuracies of final arm

positioning.

The desired joint angles described by -REF are expressed as input reference signals to

individual joint angle control systems. Each joint controller uses position feedback to

accurately position the joint motor to the desired angle. The resulting vector of joint angles .

is therefore obtained by independent closed-loop control of the joints with respect to the

desired #-REF"

The position of the robot end-effector when the joints are set at angles 0 is determined by

the robot geometry. In general, the robot geometry may be slightly different than the robot

model, and therefore the actual end-effector position A may differ from the desired position

XREF* In real systems, there is no way to determine this final positioning error since no
measurement or feedback of final end-effector position is available. In this sense, the control

4
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loop is never closed around the end-effector position itself leading to inherent limitations in

the ability of such a system to compensate for inaccurate modeling of the arm or to derive

positioning error signals relative to unstructured environments.

The addition of visual sensing as a measurement system for relative end-effector position

provides a basis for overcoming some of these limitations. However, the use of computer

vision to infer position and orientation of objects, or interpret general three-dimensional

relationships in a scene, is in general a complex task requiring extensive computing

resources. Techniques which may exploit simplier sensors or minimize processing for image

interpretation offer major advantages for visual servo control implementations.

Figure 1-4 illustrates schematically some approaches to the interpretation of a two-

dimensional image for inference of three-dimensional position and orientation. In the block

diagram, a sensor, such as a TV camera, is used to acquire a two-dimensional array of

brightness values from the three-dimensional scene. This image array may undergo various

types of computer processing to enhance image properties and enable the extraction of both

local and global image features. These features typically include structural components of the

image such as points, lines, and areas, as well as quantitative parameters attached to them. In

reality there is a continuum of possible image features and their available transformations,

and their choice depends on the purpose and requirements of their subsequent use or

interpretation. The relationship between such structural components or image features is

then used to interpret the observed scene. The resulting interpretation provides an estimate of
A

the relative position X which may be used for visual servo control. Such position estimates

may contain object model inaccuracies as well as feature measurement inaccuracies and

therefore may introduce measurement noise into a visual feedback control system.

Figure 1-5 shows a simple example of a visual servo control structure. This system is called

a "static look and move" structure for visual servo control and is described in more detail in

Chapter 2. The system operation consists of a sequence of independent steps:

1. Step 1: The vision system "looks" at the scene, or object, and estimates the
end-effector position X

2. Step 2: The position estimate is sent to a task computer. The task computer
computes the difference, AX, between where the end-effector should be, XREF

and the current position estimate. The task computer then issues a command to
the robot positioning system to "move" by the incremental distance AX; and

3. Step 3: The robot moves to the new position. Step 1 is not repeated until the robot
completes the motion specified by the "move" command.

. ..4 + + G . . . .
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STEP 2:
"MOVE" STEP 3:

-- , Robot X
Computer

ST_ EP 1 ". OQ .

_Vision

Figure 1-5: Static "Look and Move" Control
The sequence of operations is repeated until a specified accuracy is achieved, that is, AX is

reduced to some small quantity. The number of iterations will depend upon the particular task.

The "static look and move" structure demonstrates the concept of interactive sensing for

robot positioning, but is not a dynamic control system since each step is executed

independently and in sequence.

Controller

SComputer

A Vision
X

Figure 1-6: Dynamic Visual Servo Control

If the visual feedback system is structured so that the three steps outlined above are
A

executed in parallel (i.e., positions estimates, X, and position errors, AX, are updated as fast

,o~
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as they are measured, and position corrections are commanded to the robot while it is

moving), then dynamic visual servo control systems such as that illustrated in Figure 1-6 can

be synthesized. The role of computer vision as the feedback transducer now affects the

over-all, or closed-loop, system dynamics, and a visual feedback controller is required for

stability and acceptable transient response. While dynamic control has the potential to

achieve faster responses than "static" systems, dynamic visual control presents a variety of

difficult design problems which are not currently addressed in the literature. This dissertation

focuses on two of these issues: the use of image features as feedback parameters in "image-

based" visual servo control, and the implementation of adaptive control strategies for visual

servo control.

In image-based visual aervo (IBVS) control the image features, as described in Figure 1-4,

are used to control robot motion directly without inferring position in the spatial coordinate
I-me. This approach relies on the systematic variation of image features with relative object

position. Such a relationship is illustrated in Figure 1-7. In this case, the task is specified by

portraying the current camera image and the desired camera image. The image features

corresponding to an image trajectory as the camera moves may be plotted as shown in the

figure. Monotor'ic., although nonlinear, feature-to-position realtions are obtained in this case

using area, relative area, and center-of-gravity as features.

In an IBVS system, the reference and feedback signals are defined in terms of these image

feature values which correspond to current and desired robot positions. The feature error

may be derived at every measurement time and used to drive the robot in a direction which

decreases the error. The subsystem which converts the feature error to a robot control signal

comprises the heart of the IBVS controller. This dissertation will address the analysis and

design of such controllers for IBVS systems.

The IBVS approach to visual servo control presents a number of issues which require

careful formulation and analysis. Selection of features is closely tied to the problem of image

interpretation since features which are closely related to object position will be useful for both

interpretation and servo control. Criteria for feature selection are developed in this

dissertation based on feature sensitivity and feature coupling measures. The feature

sensitivity (or slope of the feature-to-position curve) appears in the control structure as a

small-signal gain term. The feature sensitivities are iypically unknown a'priori and change

nonlinearly with robot movements. These properties of the feature sensitivity lead to our use

of adaptive control strategies in this study.

0- . .
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Since an IBVS system controls image feature signals rather than position signals, it is

difficult to design a system with precisely predictable position trajectories. The relationship

between desired feature trajectory and resulting position trajectory is strongly dependent on

the choice of features. An important result of the simulation studies carried out in this

dissertation is the demonstration that position trajectories are typically well-behaved for

smooth monotonic feature sensitivity relations.

Flexible robotic systems will most likely incorporate different modes of control for different

tasks or subtasks. Visual servo control is one such mode of control which may be useful in

sensor-based systems. Position-based and image-based visual servo controls, in turn,

represent alternative but complementary strategies within this framework. As pointed out

earlier, there is a continuum of features which may be derived by measurement and

transformation from an image, and any combination of these may be useful as control

parameters. In this sense, spatial position estimates are one set of transformed image

features. They are particularly useful when available and reliable since an approximate model

of robot geometry is typically known. The use of alternative features in the IBVS approach

may have advantages in terms of speed and reliability when model-based information is not

available.

In more general terms, I6VS represents a case study of robot control in unstructured

environments where model-based information is either unavailable or unreliable. In this

sense, the adaptive control strategy may be viewed as a "learning mode" in which interactive

sensing of the environment defines an updated model of the world and provides a basis for

consistent control strategies. A mobile robot, for example, consistently must predict and

verify its motion using unreliable models of the world and robot itself. The identification phase

of adaptive control provides a mechanism to test and update dynamic models, and the image-

* based approach can be used inversely to identify and confirm image features based on

compatibility of predicted and observed dynamic changes.

Another example of adaptive robot control using sensors arises in relation to force and

* tactile sensing. Again, a consistent model relating robot control commands to desired force

signals may exist, and performance may depend on identification of transformation matrices

and on.line synthesis of an appropriate controller. Manipulation of structures with nonlinear

compliant elements raises exactly these questions.

Visual servo control is a fundamental component of sensor-based robotic systems, and the

6
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analysis and design of systems using image-based control demonstrates the feasibility of a

new approach which may provide improved perfi)rmance as one mode of an integrated

system. Analysis of the IBVS problem and incorporation of adaptive control as a design

solution have led us to derive principles with much broader applicability than to visual servo

control. An increasing number of problems require multiple sensory modalities for robot

control in unstructured environments, and adaptive modes of interactive sensing will become

increasingly important. The research reported in this disserta:ion provides a basis for

exploration of many such adaptive sensor-based strategies.

1.3. Outline of Dissertation

This section presents a brief summary of the goals and design approach of this dissertation

as well as a chapter-by-chapter outline of the technical content. A table of acronyms used is

included as Table 1-1 for reference.

1.3.1. Dissertation Goals

The goals of the dissertation are to address the problems of dynamic visual servo control of

robots, and provide insight into visual servo control by:

1. Organizing and categorizing visual servo control systems into well-defined
classical feedback control structures. Such an organization facilitates the
analysis and design of a servo controller, by showing the role of computer vision
as the feedback transducer, and by accounting for the static and dynamic
properties of the robot and measurement systems, which must be compensated.
The categorization can also serve as a framework for comparative evaluation of
different control approaches.

2. Analyzing, designing, and evaluating the IBVS approach to visual servo control.
The objectives are to show that IBVS can produce stable systems, with good
transient responses, and suitable path performance; and to provide analytic tools
to design real systems. In the dissertation, IBVS systems are evaluated using
computer simulation models.

In the next section, a controller design approach for IBVS control is proposed.

-. . . . . - - . - -- - .
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1.3.2. Design Approach

Feedback controllers can be categorized as being either fixed or adaptive. It is a formidable

engineering task to design effective fixed feedback controllers to compensate for nonlinear

and unknown systems. The gains of an adaptive controller are adjustable and are

dynamically changed during control from on-line parameter identification of the unknown

system. The model reference adaptive Qontrol (MRAC) approach has been extensively

studied for the control of unknown linear systems, and empirically evaluated for dynamic

nonlinear systems. Based on these studies, MRAC appears to be well suited for IBVS control,

and is the design approach developed in the dissertation. An enhanced MRAC (with series-

parallel reference model and control penalty) is selected for IBVS control to suppress noise,

and be less sensitive to contiol signal saturation. In the dissertation, the author modifies the

MRAC to account for measurement delay, and identifies the requirement of a control penalty

for use with nonlinear IBVS systems. The dissertation also cludes a comparative evaluation

of fixed versus adaptive control. The fixed controllers are synthesized by fixing the adjustable

gains of the adaptive controller (i.e., linear model following control (LMFC)).

Feedback control of a multi input multi-.utput (MIMO) system (with m inputs and m outputs)

can be based on either m independent single-input single-_.,itput (SISO) controllers, or on a

single MIMO controller design. MIMO control, of coupled systems, seems to have an

inherently greater potential to achieve the desired control system performance criteria. SISO

controllers are simplier to implement, since they are computationally less complex, and can

be modularized. A modular system can easily be extended to increasing DOF, and distributed

processing. In the dissertation, the author has selected to investigate an SISO approach,

since it would be easier to implement (in future research) with current laboratory and factory

computing environments. With increasingly powerful and less expensive processors, an

J11 MIMO approach may be more suitable for future research investigations.

1.3.3. Outline of Dissertation

In Chapter 2, visual servo control is discussed in detail. The chapter begins by reviewing

robot kinematics, dynamics, and control. The formal categorization and organization of

previously implemented and proposed visual servoing strategies, into classical feedback

control structures, is then presented. The control requirements for IBVS are described, and

the MRAC approach is proposed to meet these requirements.

6.
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In Chapter 3, the enhanced SISO MRAC algorithm is reviewed. The algorithm is modified for

systems with measurement delay and coupling. The chapter concludes with guidelines for

MRAC parameter selection.

The purpose of Chapter 4 is to specify the visual servoing tasks configurations (including 1,

2, and 3 DOF systems) which are evaluated, in simulations, using fixed and adaptive IBVS

control. Mathematical models, required for the computer simulations and control evaluations,

are developed, and incorporate robot kinematics and dynamics, camera picture taking, and

feature transformations.

Chapters 5, 6 and 7 include the evaluation of LMFC and MRAC control of progressively

more cnmplex systems. The complexity relates to

* DOF: 1, 2, and 3 DOF (in Chapters 5, 6, and 7, respectively);

0 * Dynamics: linear uncoupled vs. nonlinear coupled;

e Kinematics: linear uncoupled vs. nonlinear coupled; and

Features: minimal features (i.e., the number of features available for control
equals the number of DOF to control) vs. excessive features (i.e., feature
selection required when there are more features available than there are DOF to
control).

The evaluation includes a sensitivity analysis of the feature transformation coupling;

comparative study of fixed vs. adaptive control; isolation of problem areas associated with

SlSO control of coupled systems; evaluation of a path constraint strategy; and, evaluation of a

feature selection strategy to discriminate among candidate features.

In Chapter 8, the results and contributions of the dissertation are summarized, and

directions for future research are suggested. Preliminary investigations of MIMO control,

issues of physical implementations, and simulated control of a 5 DOF IBVS system, are

described.

The principal contributions of the dissertation are:

* Formalization of dynamic visual servo control of robots.

e Introduction of a novel "teach-by-showing" image-based control approach.

* In-depth analysis, design, and evaluation of fixed and adaptive control of IBVS

systems.

- ._ - . -- - - . .. .... . . . . . . .. . .... ... ...... _ . ,~ .- ,, ,..," , ,, _...- I+ " .,. .+ ,.,,.,..,...,,__: " + + , :. .,.,.+ --. .. .. ," ,,-.- +-...'"' .+., ..-- ." . -+._ . . .-- ' ..- '+- ... +, . ...-s ... , . -., ..-. ',-.-.
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* Extension of enhanced SP MRAC to control of systems with delay and nonlinear
gains.

* Demonstration of enhanced SP MRAC for direct joint-level control of a simulated
articulated robot arm.

* Identification of the applications and limitations of SISO adaptive control of
coupled systems.

| -
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DOF d1egree-Qf -freedom
FP full- parallel
iBVS image-1based visual - ervoirig
LMFC linear model followiiig ontrol
MlIMOC Multiple-input mfultiple-Qutput
MRAC Model reference gdaptive gontrol
OFV Qut-of-field of view
siso jingle-input pingle-.Qutput
SP Ieries-parallel
PBVS 2osition *tased Misual -jervoing

Table 1- 1: Acronym Table
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Chapter 2
Visual Servo Control

2.1. Overview

The objective of this chapter is to formalize an analysis and design approach for dynamic

robotic control using computer vision for sensory feedback information. Controller design will

focus on an adaptive approach to compensate for nonlinear robot dynamics, and nonlinear

and unknown gains introduced by the sensory feedback.

This chapter is organized as follows. Control system analysis and design requires kinematic

and dynamic models of the robot under control. In Section 2.2, manipulator kinematics and

dynamics are reviewed. Detailed model developments for specific cases are presented in

Chapter 4. In Section 2.3, a review of control is presented, describing standard non-sensor

based control at the joint and world levels when feedback measurements are limited to joint

level space. The problem of controlling highly coupled, nonlinear, and possibly unknown

dynamic systems is described. Control law approaches for these systems, including model

reference gdative .ontrol (MRAC), are discussed since similar problems arise in sensory

based systems.

The remainder of the chapter summarizes the contributions of the dissertation. In Section

2.4, previously implemented and proposed visual servoing strategies are formally organized

and categorized into classicial feedback control structures. Such organization has not

previously appeared in the literature. While the scope of the dissertation is limited to a

detailed design and evaluation for one of these structures, this formalization will provide a

framework for future investigations. The control structures are based on feedback

measurements which are extended to include world coordinate measurements. Previously

implemented structures derive control laws based on relative world space position

information. A novel structure is proposed, which uses image features for feedback. The

image-based approach has potential advantages, including being able to teach a task by

I .. - "" ' ' "-'" - -* .'-" " " - " - -". ' ' - " "- ".":; ' ' "
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visually "showing" the robot what to do. Design of the image-based visual feedback

controller requires compensation of robot dynamics and kinematics, and of the feedback

properties including delay, coupling, nonlinearity, noise and unknown parameters. In Section

2.5, an adaptive control law approach is proposed to meet these requirements. The

remainder of the dissertation includes an analysis, design, and evaluation, in simulations, of

image-based visual servoing.

2.2. Robot Kinematics and Dynamics
A robot consists of a sequence of links connected in series or parallel by revolute (i.e.,

rotational) or prismatic (i.e., translational) joints [Lee 82a]. Each joint is independently

actuated by electrical, hydraulic, or pneumatic devices resulting in relative motion of the links.

The first link is attached to a reference frame, which can be either fixed or mobile, while the

end of the final link is equipped with an end-effector (e.g. mechanical hand or tool) to

manipulate objects or perform assembly tasks. Each joint-link combination constitutes one

degree-of-freedom (DOF). For general purpose tasks, six degrees-of-freedom are required;

three for positioning and three for orienting. Fewer degrees-of-freedom may be used to

accomplish specific tasks.

A block diagram of an N DOF robot is shown in Figure 2- 1.

_u(t) F(t) q X t

Act atos Manipulator Geometry-
AtaosDynamics Kinematics

Figure 2-1: Robot Block Diagram

The control vector u(t)= [ul(t),...,Un(t)I}T represents the actuating or control signals. In

response to u(t), the actuators develop forces or torques, f(t), which drive the manipulator

links. The resultant joint positions, g(t), are called the generalized coordinates [Paul 81]. Each

joint position, qi(t), is referenced to the coordinate system of the previous link in the chain.

The position and orientation (or pose) of the end-effector, X(t)= {X(t)...X6(t))T is

referenced with respect to a world coordinate frame.

21
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2.2.1. Kinematics

Robot kinematics deals with the static modeling of the spatial relationships of the links with

respect to a world reference frame or coordinate system. Robot kinematics thus relates joint

variable space, g, to world space X. World space can be defined in many possible coordinate

systems including Cartesian, spherical, and cylindrical. While typical robotic tasks are defined

in Cartesian space, particular robot geometries may lead to more natural definitions in other

coordinate frames.

Kinematic modeling consists of two problems:

1. The direct kinematic problem: given _q, find X, and

2. The inverse kinematic problem, or "arm-solution": given X, find _q.

To solve these problems, kinematic modeling and analysis have been defined in terms of

homogeneous transformation matrices [Paul 81]. A brief description of homogeneous

transformations, for developing robot and visual servo control models, is presented here.

Homogeneous transformation matrices, which define postions and orientation of coordinate

systems, have the following important property. If matrix transformation Ti/k describes the i h

coordinate frame relative to the kt" frame and T 0 describes the jth frame with respect to the ith

frame, then

TJ/k = Tj/i Ti/k

and consequently,

Ti/k = Tj/i' Tj/k

For robotic manipulators, a Cartesian coordinate system is established for each link

according to the systematic convention proposed by Denavit and Hartenberg [Denavit 55].

The homogeneous transformation matricies, or A matricies, describe the relative translation

and rotation between successive link coordinate frames. Thus, Al describes the pose of the

first link relative to the reference base, and A. describes the pose of the ith link with respect to

the (i-1 )h link. For a six degree-of-freedom manipulator,

T6 = A 1A2A3A4A5A6 (2.1)

where T6 describes the pose of the final link relative to the world reference frame. The direct

kinematic problem is then to solve for _q according to (2.1). The inverse "arm-solution" is

more complex. Methods for finding g given Ts are presented in [Paul 81].

And end-effector (or tool) can be fixed and referenced to the final link according to the

transformation matrix T1001. When Xtoo1 is the tool pose relative to the reference frame, then
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T6  to ol =Ttool/world-H[tooll

where H[] maps a 6 DOF vector into the equivalent (4x4) homogeneous matrix transformation.

Thus, the T6 matrix, which must be evaluated by the "arm-solution", becomes

T6 = Ttool "1 Ttool/world (2.2)

In practice, the "arm-solution" produces only estimates of the joint positions, _, which are

required to produce a desired T6. The following error sources can lead to inaccuracies:

* Inaccuracies in the geometric modeling of link or tool dimensions, or tool
mounting dimensions;

o Unmodeled link compliance;

* Non-ideal joint coupling between links such as gearing backlash; and

* Computer quantization and round-off in the "arm-solution" evaluation.

While these error sources can be reduced by careful design and analysis, they can deteriorate

task performance as the required accuracy increases.

2.2.2. Rigid Body Dynamics

Dynamic modeling of the robot arm is required for designing the control algorithm to

achieve a desired system performance. Dynamic equations model the motion of the robot

links in generalized coordinate space. This motion can then be related to world space by the

kinematic equations. Several approaches are available for formulation of the arm

dynamics [Hollerbach 80]. The Lagrangian method [Paul 81, Uicker 67], which is reviewed

below and derived for a specific case in Appendix B, has the advantages that it is a systematic

approach (utilizing the A matrices), and the equations have easily interpreted physical

meaning which have significance when applied to control law design (Section 2.3).

The Lagrangian formulation for rigid body kinematic linkeages can be written as

D(q)g + C(g,&) + G(g) = F(t) (2.3)

where D(g) is the (n x n) inertial matrix, C(q,) is the (n x 1) centrifugal and Coriolis vector,

G(U) is the gravitaicnal vector, and F(t) are the joint forces or torques. Equation (2.3) signifies

that the robot dynamics are characterized by a system of of n second order, coupled, and

nonlinear differential equations whose parameters are dependent on the robot's

instantaneous configuration (generalized coordinate positions and velocities). The model
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does not include frictional components, which may be significant for some robot designs.

Viscous friction can often be modeled by additional linear terms of the form Ffriction = Kirictionq.

It is more difficult to derive simple models for Coulomb frictions. Whether or not they are

included in the dynamic model, the control engineer must be aware of their effects.

Independent actuators develop the required force or torque to cause link motion. While the

actuator can often be modeled by a linear system when operating in nominal regions, the

control engineer must be aware of the nonlinearities and time-varying phenomena in the

device. For example, DC motors have torque offset nonlinearities when op.,cating in low

torque regions. Power amplifiers exhibit current limiting saturation nonlinearities, and the

gain drifts with time and temperature. While the control law design is based on the linear

actuator model, the control engineer must choose a design which can still perform adequately

in nonlinear regions and be relatively insensitive to parameter variations.

2.3. Control

Robot tasks (e.g., put the peg in the hole) must ultimately be defined in terms of a set of

reference or command signal inputs to a control system. The control problem is to design a

control law, based on dynamic models, so that the system is stable and the output tracks the

reference signal according to a predefined performance specification.

With respect to robot positioning control, two levels of tasks can be identified:

1. Dynamic joint control, and

2. Kinematic (or end-effector positioning), path and trajectory control

While joint control deals directly with the issue of plant dynamics and control law design for

reference signal tracking, kinematic control deals with generation of the reference signal

required for end-effector positioning and motion along a specified path or trajectory.

Depending on the approach to control law design, dynamic and kinematic control can be

coupled or treated as independent problems.

In robotic control applications, the reference signal can be specified in terms of the

generalized coordinate or world coordinate parameters, depending upon the required task.

For example, when a robot is taught a desired position, or trajectory, through the "teach-

mode" operation [Luh 83], joint positions are directly recorded and can be "played-back" as

the desired reference signals. If the task requires that the end-effector move in a straight line

, ...- -. .. .-...- .. -, .. - -,*. ..--. . .. - . . . ...• , ,",... - . ' . " ' , . .. " , ., ' . " "'-".. .-.- A,. - ''-' , . -. -'' -?- ' .: . - : ' . . : , " ' . '. '
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path to the end-point, then the reference signal must first be specified in Cartesian space.

Without sensor-based control, with which the position of the end-effector can be measured

directly, controller designs are constrained to use feedback measurements limited to the

generalized coordinates (i.e., joint displacements). Thus, reference signals defined in

Cartesian space must be mapped into estimated joint level reference signals by the inverse

kinematic "arm-solution." This approach results in open-loop control of the end-effector.

- This section includes a review of control at the joint and world levels when the feedback

-. measurements are limited to the generalized coordinate space. In Section 2.4, visual servo

- control structures are described which extend the measurement space to include world

coor dinates.

2.3.1. Joint Level Control

Practical approaches to control law design for robotic manipulators include:

I. Feed-forward open-loop control [Lee 82b, Luh 80, Hollerbach 80, Raibert
78, Albus 75];

2. Linear servo control [Paul 81, luh 83, Williams 83]; and

3. Adaptive servo control [Chung 82, Dubowsky 79, Horowitz 80, Koivo 80, Koivo
83, LeBorgne 81].

These controllers can be applied independently, or in combination, as each has certain

advantages and disadvantages.

A block diagram of a robot under computer control is shown in Figure 2-2. The control

system represents a sampled-data system in which u(k)-u(kT), where T is the constant

sampling period. The control signals are applied through digital-to-analog converters (DAC)

which can be modeled by the cascade of an ideal impulse sampler and a zero-order hold with

saturation nonlinearity [Neuman 79a]. Over the interval kT < t < (k + 1)T,

ui(kT) for lui(kt)l<Vsa
ua(t) = +Vsat for ui(kT)>Vsat (2.4)

• -Vsat for u(kT)<-V sat

where Vsat is the maximum DAC output signal For simplicity, the block diagram in Figure

2-2 shows position feedback. The following discussions do not preclude the use of

tachometers and observers to measure and estimate joint velocity and acceleration.

0 . "' : i " . .. . ., . -.. .- . " . . .- • . . • . . . .; - .- ( : . '. .; .. - . .
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82b, Luh 80], recursive Lagrangian formulations [Hollerbach 80], and table look-up

methods [Raibert 78, Albus 75]. Finally the computed torques are only as accurate as the

model in (2.3). Uncertainties in the model parameters, including the payload, and phenomena

which are difficult to model, such as backlash, Coulomb friction, voltage offsets, and link-

compliance, will introduce deviations from the reference signals. The relative mechanical

simplicity of the CMU Direct-Drive Arm is an attempt to reduce such uncertainty [Asada 82].

To compensate for tracking errors due to imprecise models and controller sensitivity to

parameter variation and uncertainty, these controllers can be augmented by conventional

linear feedback controllers.

2.3.1.2. Fixed Linear Servo Control

Linear feedback or servo controllers compute control signals from the servo errors,

including both position errors 1(k) and velocity errors. In fixed control, the controller gains

are constant.

In fixed controller design synthesis, it is assumed that the robot dynamics are time-invariant

or can be linearized about a nominal operating point or trajectory. Upon examination of the

dynamic equations (2.3), the robot can be assumed to have linear dynamics if the Coriolis-

centrifugal terms are neglected, and if the interial matrix and gravitational torques are

constant. When the Coriolis-centrifugal torque components are neglected, they can be

-. viewed as external torque disturbances which must be rejected by the feedback control

compensation. At low operating speeds, the magnitude of these apparent disturbances are

often assumed to be small. However, the relativ contribution of these terms may still be

significant during typical movements at low velocities. If the actuators are coupled to the

joints by gear-reducing mechanisms, then the Coriolis-centrifugal forces reflected back to the

actuator are reduced by the gear ratio. In present industrial manipulators, gearing is used to

optamize power transfer from the motor to the link, and minimize the required motor size.

Gravitational forces reflected back to the motor are divided by the gear ratio and reflected link

inertias are reduced by a factor of the gear ratio squared. Thus, apparent variations in the

inertial and gravitational forces are reduced. Under the assumptions that Coriolis-centrifugal

torques are neglected, and inertial and gravitational changes remain small, the control

engineer designs a fixed controller using methods derived from classical and modern control

engineering. Ideally, the fixed control design is insensitive to small parameter variations and

small external torque disturbance sources. In practice, it is a formedable engineering task to

design a robust fixed controller for such systems.

Sw
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Feedback controller designs can either be uncoupled or coupled. Coupled, or multi-input

multi-output (MIMO), control laws derive ui(k) as a linear combination of the entire reference

and feedback vectors. Independent uncoupled, or qingle-input single-output (SISO),

controllers produce u1(k) based only on the ith reference and feedback signals (i.e., e.(k) ). For

an n DOF robot, n independent SSO controllers are used. There are no systematic rules for

design of SISO controllers for coupled systems. MIMO control design is more straight.

forward, and can, in theory, achieve a larger degree of dynamic uncoupling than SISO

control. However, SISO controllers facilitate implementation because they are:

1. Computationally less complex than a coupled controller;

2. Modular, and computation can be distributed; and

3. Simpler to tune than a coupled controller.

Commercially available industrial robots use SISO controllers. To the best of the authors

knowledge, most use SISO control which is not augmented by feedforward control, because

of gearing and their lower speed and tracking precision requirements.

A typical linear SISO controller is the Proportional + Summation + Difference (PSD) regulator
derived as

k

ui(k) = Kpei(k) + KS - ei(k) + KD[ei(k)-ei(k-1)J
i=1

Fixed controller gains are selected using root-locus or frequency response

techniques [Williams 83] (and ultimately manually tuned) to achieve an acceptable trade-off

between transient speed of response and steady-state velocity errors to ramp inputs. The

gain selection process is based be on a nominal robot configuration and neglecting inertial

coupling. It has been suggested that improved performance results if a gain-scheduling

approach is utilized, where the adjustable fixed gains are selected as a function of the robot

configuration [Paul 81].

Relative to feedforward control, fixed linear controllers have the advantages of being

simpler to implement in real-time and can be less sensitive to parameter variations and

uncertainty. Fixed controllers cannot achieve adequate dynamic response at higher speeds,

and over a broad range of arm configurations.

4
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2.3.1.3. Adaptive Feedback Control

Recently researchers have sought a controller approach which can compensate for

parameter uncertainty and variation over a wide range, while operating at high joint speeds. In

addition, the controller should be compatible with microprocessor implementation to make it

a feasible solution for common industrial application. To this end, initial research has been

conducted, based on computer simulations, into the application of adaptive control to robotic

manipulators [Chung 82, Dubowsky 79, Horowitz 80, Koivo 80, Koivo 83, LeBorgne 81]. While

adaptive control theory has been in existence for twenty years, high speed digital computing

has now made it a viable option for on-line robotic control applications. Adaptive controllers

have adjustable gains which are automatically tuned, on-line, based on measurement of

system performance and/or characteristics. Modern approaches to adaptive

control [Goodwin 84] can be categorized as either

1. Self-Tuning Regulators (STR) [Astrom 77], or

2. Model Reference Adaptive Control (MRAC) [Landau 79].

Both approaches derive linear models of the manipulator, whose inadequacies are

compensated by permanent parameter adaptation [LeBorgne 81]. While both STR and MRAC

approaches lead to similar algorithms [Shah 80], the MRAC approach provides a s.mnple and

flexible means of specifying closed-loop system performance. STR and MRAC configuration

block diagrams are shown in Figures 2-3 and 2-4. STR's derive a linear controller, whose

gains are a function of identified robot parameters, under the assumption that the robot is

linear and constant, but has unknown parameters, An on-line identifier estimates parameters

of an equivalent input/output (I/O) linear model of the robot based on the I/O information

vectors .(k) and o(k). An equivalent I/O model predicts the output g(k) from past and present

I/O information independent of the physical model of the robot. The estimated parameter

values are then used in the linear controller as though they where the actual parameters. Both

SISO and MIMO equivalent model formulations can be used. Neuman and Stone [Neuman

83] have justified the latter modeling approach by demonstrating that individual joints of a

coupled and nonlinear robot can be modeled by linear time-varying second-order SISO

transfer functions. They show that the transfer function parameters vary smoothly in the work

space as a function of the joint positions, velocities, and accelerations.

In MRAC control, the reference model output a (k) specifies a stable and realizable

closed- loop dynamic response of the the output g(k) to the reference signal lpef(k). The

difference between the reference model output and the process is called the full-garallel (FP)

output error:
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Figure 2-3: Self-Tuning Regulator

e (k(k)

41J Refrence - Adjustable -

Model Control DAC RobotComputer

Figure 2-4: Model Reference Adaptive Control

ek) = R(k)g(k)

The adjustable controller utilizes I/O information to adjust the gains on-line to drive the FP

error to zero, thus forcing the robot output to track the reference signal in accordance with

the performance specified by the model. Within the framework of robot control, two methods

have been applied [LeBorgne 81]:

1. Identification error method, and

2. Output-error method

L• - .. _ _-_ ]o , . .--
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In the identification-error method (which is developed in detail in Chapter 4), an identifier

predicts the robot joint outputs, t(k), based upon parameter estimates of an equivalent linear

I/0 model. The identification error
eQID(k) = g(k)-(k)

drives the adjustment mechanism which updates the estimates of the equivalent parameters.

These estimates are then used to adjust the gains of a linear controller which is driven by the

model output. In the output-error method, the FP error drives an adjustment mechanism

which directly adjusts the controller gains. From a physical implementation point-of-view, the

identification error approach has the advantage that the adjustment mechanism need not be

turned off during control signal saturation [Morris 79].

The adjustment mechanisms of STR or MRAC controllers can be designed from either

parametric optimization or stability viewpoints. Parametric optimization techniques include

recursive least squares (RLS) and gradient (or "steepest-descent") methods. The stability

40 approaches derive adjustment mechanisms using stability theory to assure that the

identification errors are asymptotically stable. Since the adjustment mechanisms are

nonlinear, either Popov's hyperstabilty or Lyapunov's stability criteria have been used. Both

the optimization and stability approaches make the assumption that the system under control

is linear and time-invariant (or slowl j time-varying).

For the optimization approach, stability analysis of the over-all closed-loop system is

demonstrated through the theory of stochastic convergence of optimization

mechanisms [Astrom 77]. When hyperstabilty or Lyapunov mechanisms are used, stability of

the identification error is related directly to the FP error. Beacuse of the assumptions of

linearity and time-invariance, stability of adaptive controllers applied to nonlinear and time-

varying robot dynamics has not been proven, and it remains an open question as to whether it

can. Control engineers rely on ad-hoc assumptions that fast adaptation speeds and the ability

to model the robot as an equivalent time-varying linear system will lead to stable systems.

STRs and MRACs can be formulated as either SISO or MIMO controllers, depending

whether the robot is modeled as an equivalent SISO or a MIMO system. The adaptive

controllers can be used independently or augmented by feedforward control. When used

independently, minimal a'priori knowledge of the dynamics is required.

STRs applied to multi-DOF manipulators have been reported to control arm simulations over

a wide range of speeds and configurations [Chung 82, Koivo 80, Koivo 83, LeBorgne 81].

S
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Koivo and Guo [Koivo 83] applied both coupled and uncoupled STRs (using RLS) to control a

6 DOF arm. They observed that the MIMO algorithm required a longer time to converge and,

at least in tne simulated trajectories, they showed no improvement in response relative to the

SISO controllers. LeBorgne [LeBorgne 81] applied SISO STRs and output error MRACs

(using a RLS adjustment mechanism) to control of a 3 DOF arm, and found that the STR was

computationally less complex, but that the MRAC showed better overall performance. Chung

and Lee [Chung 82] use feedforward control augmented by an RLS STR. In this approach the

dynamic robot model is linearized about a nominal trajectory to obtain a small-signal

perturbation model. The adaptive controller then identifies a small-signal model and drives the

perturbations to zero.

Successful simulation results of MRAC control have also been reported [Dubowsky

79, Horowitz 80, LeBorgne 81]. Le Borgne [LeBorgne 81] applied SISO identification error

and output error methods (using RLS adjustment mechanisms) and observed that the

identification error approach displayed better overall performance. Neuman and

Morris [Neuman 80, Neuman 79b] performed extensive analysis and evaluation of uncoupled

MRAC applied to linear SISO plants, with emphasis on implementation and computational

complexities. They suggest that these uncoupled algorithms can also be applied to robotic

control [Morris 81]. Enhancernonts to the basic MRAC algorithm are included to reduce the

effects of controller saturation and measurement noise. Added stability constraints limit the

adjustable controller gains to assure a bounded and stable controller. They conclude that an

enhanced identification-error MRAC, with a hyperstable adjustment mechanism, produce the

best results with respect to convergence speeds, noise supression, recovery from control

signal saturation, estimated parameter accuracy, and propagation delays [Morris 81].

2.3.2. Kinematic Control

Robotic positioning tasks require that the end-effector move between specified points in

space, and along specified paths and trajectories. This kinematic control problem can be

separated from the dynamic control problem if it can be assumed that the joint level

controllers can assure reference signal tracking. Other approaches, including optimal and

adaptive control, combined the kinematic and dynamic control problem. Kahn and

Roth [Kahn 71] address the near-minimum-time optimal control problem for a nominal

trajectory. This and other optimization techniques are still too complex to be practical. More

recently, it as been suggested to extend joint level adaptive controllers to world-level

'- .- " -" . - -' .- ... . " • " • -" "-. --, " - " " " " -" "- " '.. -.
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tracking [Koivo 83, Takegaki 811. Measurement of the world level positions must still be

predicted by the direct kinematic solution. Takegaki [Takegaki 811 has reported effective

performnace of an output-error type controller in initial simulation studies. In practice, the

kinematic problem is still considered to be independent of robot dynamics.

End-points and paths for the end-effector can be specified in three ways:

1. Teach-mode1 (points defined at joint-level);

2. Pre-defined task (points generally defined in world space); and

3. On-line decisions (information supplied by external sensors, and points defined in
world space).

Points defined in world space must first be mapped into joint space using the "arm-solution".

Control of the world reference signal Xref(k) is depicted in Figure 2-5, where the closed-loop

block represents the joint-level control system depicted in Figure 2-2.

Traj ecto ry Arm-So lu t ion 4 K ineiat ics

••Planing TT Robot, Contr'ol

._ Rf( k) Re (k)

Figure 2-5: Open-Loop Kinematic Control

If the end-effector, or tool, is referenced to the final link by Ttoo1, then the arm-solution must

evaluate T6 according to

• T6 (k) = TV'L H[X(k)]6.r. tool re

A
The resultant joint level reference signal, gref(k), is an estimate due to any of the
aforementioned inaccuracies in the "arm-solution." In real systems, there is no way to

determine the final positioning error since no measurement or feedback of final end-effector

position is available. In this sense, the control loop is never closed around the end-effector

*postion itself leading to inherent limitations in the ability of such a system to compensate for

. 1The "teach-mode" operation, for programing industrial robots, includes manually guiding the manipulator to
desired locations and recording the joint positions at each point. The stored points can then be used to derive the
reference signals.

%
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inaccurate modeling of the arm or to derive positioning error signals relative to unstructured

environments.

The time-amplitude profile of the reference signal dictates end-effector path motion

between task points. For example, when a well-defined path is required (e.g., to avoid

obstacles), straight-line motion is specified. The points on a straight-line (including

orientations) are mapped into joint level commands via the arm-solution. To compensate for

speed limitations in computing the "arm-solution", linear interpolation of the resultant joint

positions are used to supply intermediate points. When the task requires that the robot

cannot stop between end-points of a path (e.g., welding), trajectory control deals with

specification of smooth transitions between path segments. One approach is spline function

fitting [Paul 811 to the endpoints of adjacent path segments.

2.3.2.1. Incremental Motion Control

0 Robotic tasks often require the end-effector to move by increments, AX rather than to

absolute positions. 11 an absolute positioning control system is used, then the "arm-solution"

must evaluate T6.ref according to
A AT6.ref (k) = TP() T1o01 Tindtk) T" Il

0 tool

where T6(k) is the estimated present position traisfoimation based on the direct kinematic

solution, and Tinc- H[.Xinc].

A more efficient approach to incremental motion is resolved-rate-motion (RRM)

control [Whitney 72]. In this approach the inverse arm Jacobian is used to find the
incremental joint velocities which are required to achieve motion in the specified directions. If

the direct kinematic solution, K, maps g into X according to X = K(fl), where K can be derived

from T6, then the arm Jacobian, Jarm' is defined by

aK (g)J arm- a_ (2.5)

World increments are then related to joint increments according to

*aX = JarmS-q

and the joint increments are

Sq = Jarm 8X

These joint increments then drive closed-loop velocity servo mechanisms.

An incremental robot system, using either the direct "arm-solution" or the RPM approach, is
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_ tooI-Re Incremental Robot too t)

(With internal closed-loop

joint control and
kinematic docoupllng)

Figure 2-6: Incremental Robot System

represented by the block in Figure 2-6 for reference in Section 2.4. The system in Figure

2-6 includes internal joint level feedback and kinematic decoupling. Such a system is ideally

linear uncoupled, without discrete time delays; i.e., each DOF can be represented by a

transfer function of the form

AX(s)tooli  K

X(S)olRe. S(TS+ 1)

The next section extends dynamic robot control to closed-loop control of world-space

coordinates.

2.4. Visual Se~rvo Control Structures

* Research in computerized vision for automation is directed toward fast systems which can

interpret image features for

Object recognition [Myers 80, Fu 82, Vuylsteke 811;

* Inspection [Jarvis 80, Porter 801; and

* Measurement of object positions relative to the vision transducer, or relative
positions between objects [Hall 82, Tani 77, Birk 79, Agin 79].

Such capabilities may be combined into more general modes of scene interpretation.

Complete functional systems are not yet available. If such a system were used in conjunction

with a robotic system, then direct world space measurements of relative end-effector

positions could be achieved. For example, the vision transducer can be fixed to the end-

effector and move with the manipulator as it observes an object's pose relative to itself [Agin

791; or equivalently, it can be stationary while observing the relative pose between an end-

effector and object [Ward 79]. Also, the transducer can be stationary while observing the

relative pose between itself, or equivalently the world, and an object being manipulated or the

end-effector itself [Birk 79]. These integrated systems have the potential for improving robot

accuracy, and extend the robot's capability to operate in unstructured environments

containing objects which can be in random po.es or possibly moving.

•..
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When vision systems are integrated with robots, the measurement space is extended to

include relative the end-effector pose. Positioning control systems, which directly utilize such

measurements, can be synthesized using visual feedback [Sanderson 83a]. The resulting

visual servo system is depicted in Figure 2-7, where "e and T represent the reference and

feedback signals.

ob. (or X ca, ,.forstationary
camera)

+ Feedback Robot xel

Control ler

Computer

~Vision

ffnoise

Figure 2-7: Robotic Visual Servo Control

The role of computer vision as the measurement process affects the overall system cynamics,

and a visual feedback controller is required. The linearity, noise properties, coupling, and

computational delays of this measurement process become essential considerations for

controller design. Formal analysis and design of feedback controllers for visual servoing, in

terms of well-defined control theory, has not appeared in literature except for a simple

case [Coulon 83]. Visual servo controllers have been designed using ad-hoc strategies [Agin

791. In this section, the dissertation contributes to the basic understanding of visual servo

control by organizing previously implemented and proposed visual servo control strategies

into clearly defined control structures. It is shown, in Sections 2.4.2 and 2.4.3, that the task

reference signal, Ier and feedback signal, T can be based on either image feature space or

position space measurements. The robot under control can be either open-loop (i.e, without

joint level feedback - Figure 2-1), or an incremental system (i.e., with internal joint level

feedback, and kinematic decoupling - Figure 2-6). The formalization of visual servo control

structures is based on these feedback signal and robot categorizations. The formalization
clarifies the requirements placed on the visual servo controller, and facilitates the design

process. In Section 2.5, a controller design for image-based structures is proposed. The

!' i
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formalization also provides a framework for evaluating different visual servo control

structures. It is beyond the scope of this dissertation to make such comparative evaulation.

The characteristics of a general vision system are reviewed in the next section. The

objective of the dissertation does not include presention or proposal of a detailed design for

such a system.

2.4.1. Computer Vision

A computer based vision system is represented in Figure 2-8.

_r,(k-n A)

I Vis ion - Pre-processing InterpretationA Segmentation
Transducer Feature Extraction

T F

[3-D Object] noise

Figure 2-8: Computer Based Vision System

Vision transducers typically include vidicons, charge coupled devices (CCD). photosensitive

diode arrays, and structured fiber optic sensors [Agrawal 83]. The transducer produces a

2-dimeiisional array, A, of light intensities. The array can be distorted from an ideal image, A,

due to:

* rransducer resolution;

o Transducer nonlinearities such as optical aberrations and out of being focus;

o Background lighting conditions; and

* Electronic noise and drift.

The transduction process can have time-dependent dynamics such as the persistence effects

associated with CCD and vidicon devices. At slower sampling rates-these effects can be

* neglected [Coulon 83].

The image is preprocessed by filtering operations to enhance image quality. The enhanced

image is then segmented into connected regions. A one-dimensional feature vector, f, or a

relational feature description, %, which describe segmented regions of the image are then

extracted. Features include areas, angles, center-of-gravity, and intensities. Feature

, - • . • • . . . . " . . . .. . • . • . - . , . . °" o • ° 1



37

extractors are typically digital computer algorithms. High-speed optical processors can also

be used for preprocessing, segmentation, and feature extraction [Merkle 83, Stermer 83].

A
Feature space representations must be interpreted (signified by I in Figure 2-8) to

A
recognize both the object and its pose Xrel(k-nd). Interpretation is based on 3-dimensional

models of the object and transduction process, and can include statistical modeling

considerations. Transduction noise and modeling inaccuracies can degrade the estimate.

The interpretation process can be facilitated by operating within structured lighting

environments [Agin 79]. The measurement delay, ndT, which is the total time required to

acquire, process, extract, and interpret the image, can vary over wide ranges depending on

the complexity of the image. High-speed feature extractors (33-100 msec) for simple

structured images have been built or proposed [Bracho 82, Vuylsteke 811 and systems which

can operate on more complex scenes can be envisioned using optical processors [Merkle 83].

Additionally, special purpose optical proximity sensors have been constructed which can

measure positions and orientations of a plane in about 1 msec [Kanade 83].

Visual control structures, based on both image feature space and position space

measurements, will now be described. Control structures can be categorized as either

position-based or image-based. This formalization was first introduced by Sanderson and

Weiss [Sanderson 82]. While individual structures are described as autonomous processes,

the possibility of a complete system implementation which uses combinations and

augmentations of these structures is a viable concept.

2.4.2. Position Based Visual Control Structures

Position-based control structures define task reference signals in world space position

coordinates. The image interpretation step provides feedback by producing position

estimates whose expectations are generally linearly related to actual positions.

2.4.2.1. Static Position Based "Look and Move"

The static position based "look and move" structure (Figure 2-9) is used most often in

present industrial applications [Tani 77, Birk 79, Kashioka 77]. In the "look" stage, the vision

system estimates the object pose. The control computer calculates the error, AX, between a

reference and the measured pose. A "move" by the incremental error command is then

issued to an incremental robot system. In this structure, the incremental robot system only

accepts new commands after it has completed the previous commanded motion. This

- -
. .. - .
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characteristic is typical of commercially available robots where the programmer can only

access higher level control functions. The control operation is sequential and asynchronous,

and the sequence is repeated until AX is within specified tolerance bounds.

("and move")Xe e STEP X STEP®

Task Incremental X.e(t)
_ Computer Robot

(" look" stage)

STEP
X re1 ComputerP

vision

noise

Figure 2-9: Static Position-Based "Look & Move"

When the camera is attached to the robot end-effector (according to the transformation

Tcan). then Xrei becomes the relative position between the camera and object. In this case the

tool transform is assigned according to:
Ttool0'-Tcam

When the camera is stationary, Ttoo1 can be either the position of the end-effector tool

mounting or the object held by the manipulator.

The static "look and move" structure is not a dynamic closed-loop control system because

each operation is performed sequentially and independently. Thus, the dynamics of each

operation does not affect the overall system. No additional control law, except that used by

the robot, is required. The resulting control system is slow, unable to track moving objects,

and may require many iterations to achieve desired accuracy. Implementations of these

structures have demonstrated the basic concept of interactive sensing.

.:.. .. +.. . <*9*.j . ~ .-. .. . . . • . .. . . . .. .. - ..
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2.4.2.2. Dynamic Position-Based "Look and Move"

In the static "look and move" structure, the reference signal to the robot can be updated

only after the robot has reached a previously commanded goal. When the robot system is

designed so that command inputs can be synchronously updated, independent of the robot's

position and velocity (i.e., robot can be moving), then the "look and move" structure can be

configured as a dynamic closed-loop sampled data system (Figure 2-10).

__X(k)

- + Controller Incremeatal
C 4 Robot

Vision-- d

Znd
Computer

noise

Figure 2-10: Dynamic Position-Based "Look & Move"

The closed-loop visual servo system requires a feedback controller, C, to compensate for

system dynamics, with the added complexity presented by feedback delays and measurement

noise. For applications requiring tracking of moving objects, prediction algorithms have been

studied [Hunt 82] to improve system steady-state performance. When the vision system is

viewed as a single process, then nd = 1 (where nd is the number of discrete feedback delays)

and the sampling period is chosen to be the net time required by the individual vision

processes. Alternatively, shorter intervals can be chosen by considering the vision system as

a pipe-line of the individual processes. In this case, n >l and the time interval is determined

by the maximum individual vision component processing time. From a control viewpoint,

systems become more difficult to control with added delays, even if the sampling period is

reduced. Sampling periods of 100 ms have been suggested as being sufficient for visual servo

control; shorter sampling periods would be required for high-speed control.

Agin [Agin 79] was the first to implement dynamic visual control of a multi-DOF manipulator.

I
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The camera was mounted to the end-effector and interpretation was facilitated by the use of

structured light-striping techniques. Simple proportional controller3, sampling at between

150 to 500 msec, were manually tuned to achieve the desired response. Control system

analysis did not accompany these experinints. Geschke [Geschke 821, who has imp!emented

similar multi-DOF visual servoing experiments, at 100 ms sampling periods, noted that the

independent closed-loop joint-level robot servo controllers required high damping at these

sampling periods, supposedly to avoid exciting structural resonances. Other examples of

dynamic control are reported in [Albus 81] and [Ward 79]. To the best of the author's

knowledge, the only reported research which uses control system analysis to design a

dynamic visual servoing system is presented by Coulon [Coulon 831. In this research, a fixed

proportional + summation controller is designed for single-DOF linear system.

2.4.2.3. Position Based Visual Servoing

Since visual sensors provide direct world space information, and thus world space servo

errors. it should be possible to control the open-loop robot dynamics and kinematics directly

and eliminate the "arm-solution" or Jacobian required by the "move" commands to a closed-

loop robot positioning system. This configuration is termed Position-Based Visual Servoing

(Figure 2-11).

u(k _(t) 9(t)

Xre) -ReA k . t Robot X t

+ Controller DAC& Robot
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Cz Dynamics
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Computer f

14l
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Figu re 2-1 1: Position -Based Visual Servoing

4 This configuration may have potential advantages including:

1. Elimination of added computational delays, required by the "arm-solution"
evaluation period, which detract from relative stability;

; . .. . .• .. . . ., . ,x
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2. Elimination of "arm-solution" inaccuracies; and

3. Increased efficiency, since the "arm-solution" does not have to be evaluated, and
independent joint controllers are not required. However, the sampling period
dictated by the vision system may be too long to control the robot, depending
upon the robot's dynamic and mechanical properties. In these cases,
independent joint-level velocity feedback controllers, which operate at higher
sampling rates, can be used. These cases are discussed in Chapters 3 and 8.

In addition to measurement delays and noise, the visual feedback controller, C2, must

compensate for possibly nonlinear and coupled robot dynamics and kinematics.

Implementions or simulations of this structure have not appeared in literature, in

relationship to visual servo control. While Koivo [Koivo 811 and Takegaki [Takegaki 31] did

not mention visual servoing , they did propose adaptive feedback controllers for combined

dynamic and kinematic control. They assumed that the world coordinate position of the end-

effector, as predicted by a direct kinematic solution, could be used as the feedback signals,

but they did not consider measurement delays. Takegaki reported "effective" control with this

approach in limited simulations of an output-error type controller using a Lyapunov

adjustment mechanism.

2.4.3. Imaged Based Visual Control Structures

In the position-based approaches, the image interpretation step can be complex and affect

control system design and performance by

1. Adding additional time delays, and

2. Introducing measurement noise resulting from inaccuracies of the object and
transduction modeling.

As discussed in the remainder of this chapter, image features are often continuous functions
of object position, and for fixed ranges of control, could provide sufficient information for

robot control without carrying out the interpretation process. Thus, the continuity of feature

representations of time-varying imagery can lead to potential simplifications of the control

strategy including task training by a "teach-by-showing" operation.
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2.4.3.1. Dynamic inage-Based "Look and Move"

The feedback path of the dynamic position-based "look and move" structure (i.e, the vision

measurement system in Figure 2-8) can be decomposed into two nonlinear transformations.

The transduction and feature extraction functions, or world-to-feature space transformation,

can be viewed as the inverse of an ideal interpretation, in the absence of noise, according to:

f = r 

where I is "ideal" in the sense of being based on exact models. The feedback path is then

mapped to world space by the interpretation transformation:
A A

x , = I [f]
If the ideal interpretation has a unique inverse mapping, over the control region of interest,

such that X,,, are single-valued functions of f, then this suggests that the system can be

controlled, to unique end-points, using f(k) directly as the feedback and reference signals,

thus eliminating the interpretation step. This condition must also be satisfied for achieving

unique solutions with the position-based approaches. The uniqueness condition is satisfied,

for the control region of interest, when [Wylie 61]:

1. The first partial derivatives of f are continuous, and

2. If the Jacobian of the ideal inverse interpretction is nonsingular; i.e.,

al'l.
det -x- det[Jfeat] 0 (2.6)

-rel

where Jfeat is defined as the feature sensitivity matrix.

In practice, Jfeat could be measured on-line to test the condition in (2.6). This condition must

be true for both position and image-based approaches. Since the dissertation does not

directly address the imaging problem, features which are unique will be chosen. Further,

since the determinant is only defined for square matrices, then the permitted number of

* degrees-of-freedom must equal the number of measured features.

The dynamic image-based "look and move" structure, shown in Figure 2-12, which uses

feature feedback, was first proposed by Sanderson and Weiss [Sanderson 82]. In addition to

compensating for robot dynamics, measurement noise, and feedback delays, the feedback

controller, C3 must also compensate for the nonlinear and coupled feature transformations.

Reference signals, frel(k), must now be defined in feature-space. The task could first be
defined in world space, Xrel-ret, and then mapped into fret according to an idealized inverse

interpretation. Equivalently, if Jfoat(_Xred) is known, or can be measured, and the initial
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Figure 2-12: Dynamic Image-Based "Look & Move"

0
displacement --re is known, then the feature signal can be derived by evaluating the feature

sensitivity matrix along Xrel + Xrel-re f according to
(af = J feats X rel

Both approaches still require an interpretation step, but may have potential advantages by

eliminating inaccuracies of the actual interpretation, in the feedback path, and by requiring

smaller sampling periods as a result of the elimination of the feedback interpretation delay.
Alternatively the reret ence signal could be defined directly in image feature space using a

"teach-by showing" strategy whereby an image is transduced in the uesired reference

position and the corresponding extracted features represent the reference features. When the

task is repetitive and the desired path or trajectory remains constant, the reference feature

signals can be defined a'priori as a "moving" or time-varying image along the path. If the
4 object is allowed to be in random poses, then only the final feature values can be defined

a'priori. While the path cannot be directly specified, absolute positioning can still be

achieved. The most useful applications of image-based systems might be for tasks requiring

fast and accurate corrective motions, where exact path is not critical (e.g., for precision

assembly including random part aquisition and parts alignment).

While path cannot be directly controlled with the IBVS "teach-by-showing" strategy,

interesting relationships between predicted pathes (i.e., the path that would result if the

control system achieved perfect tracking of the feature reference signals) and feature control

are:

4oI
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1. If the coupled feature sensitivity matrix Jfeat is constant, and each feature is
specified to have identical time responses, the predicted paLh is straight-line
(Section 2.5.2.2).

2. For the 2 DOF system evaluated in Chapter 6, for which J is coupled and varys
dramatically over the trajectories, the predicted pathes are either straight-line, or
approach straight-lines (Section 6.2.1.1).

3. For the 3 DOF system evaluated in Chapter 7, for which Jfeat is also coupled and
varys, the observed pathes are smooth (i.e., not tortuous), and approach straight-
lines as features are selected which reduce system coupling. (The index of
system coupling is described in Section 2.5.2.)

Such results are encouraging for future investigation of more general systems, and suggest

that features may be found which can be used to achieve some degree of path control. As an

alternative to path control, a path constraint strategy is proposed in Section 2.5, and

evaluated in Chapters 6 and 7.

The "teach-by-showing" approach presents additional requirements for controller design.

This a: proach assumes that the inverse transformation I" is unknown. Therefore, the

controller C3 must be based on a design approach which not only compensates for the

nonlinear and coupled properties of I", but also for unknown values. These control

requirements are discussed in detail in Section 2.5, along with the isso'e of selection process.

That is, how should a subset of n features be selected for control from a set of m extracted

image features f, (i = 1 .... n), where m>n?

In any of the visual based control structures, some a'priori knowledge of object geometry

may be required for feature identification and a level of interpretation may be required for

object recognition. In many industrial vision applications, identification and recognition is

based on the "teach-by-showing " principle using statistical feature information generated by

image training sets. Other approaches may only require qualitative and relational information

for identification and recognition. Thus, detailed a'priori modeling would not be required at

this level of vision processing.

2.4.3.2. Image-Based Visual Servoing

An image-based version of the position-based visual servoing structure can also be

formulated by controlling the open-loop robot directly and eliminating the

"arm-solution" [Sanderson 83a]. This approach is called image-based visual .ervoing (IBVS)

* (Figure 2-13). The physical variable under control, _(k), can be related to f(k) by

I-
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Figure 2-13: Image-Based Visual Servoing

f= F tXrel = I* {Aobi-K(_)l '-obi

The feedback path is characterized by an overall small-signal sensitivity matrix J given by

J--Jfeat Jai m (2.7)

where
aF

The IBVS approach is similar to the dynamic "look arid move" structure except that the

design of the feedback controller, C4, is further complicated by having to compensate for any

nonlinear and coupled robot dynamics and kinematics. In the "look and move" structures, the

robot system is ideally linear and uncoupled, thus simplifying control system design.

The image-based structures are representative of sensor based control structures which

include:

1. A measurement system which generates sensory information that is difficult to
interpret;

2. A sensory feedback path which can be nonlinear, coupled, noisy, contain
unknown parameters, and include delays; and

3. A robot under control which can be dynamically and kinematically nonlinear and
coupled.

A control approach for image-based systems may then have potential for application to other

--
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sensory modalities (e.g., touch and acoustic). Because of this potential and the novelty of this

approach, the remainder of the dissertation is concerned with a detailed analysis, design and

evaluation of "teach-by-showing" image-based systems. The "teach-by showing' approach

is analogous to the basic robot control "teach-mode" operation. In the author's experience,

the "teach-mode" strategy for robot task definition has greatly facilitated the incorporation of

robots into the industrial environment by providing a simple means for task training. Similarly,

the "teach-by showing" approach has the potential of simplifying applications of visual

servoing.

2.5. Control Of Image-Based Systems

A control law approach for image-based control structures is presented in this section.

Several characteristics of these structures, which are noted in Section 2.4, will present

particular challenges for design of a suitable controller. These include:

1. Nonlinearities: dynamics (including actuator), kinematics, and feature-space
transformations;

2. Unknown parameters: limited a'priori knowledge (e.g., in "teach-by-showing"),
parameter variation and uncertainty:

3. Measurement delay;

4. Measurement noise;

5. Feature selection and assignment (the feature assignment process addresses
issues in uncoupled control of coupled plants);

6. Path control: when tasks are specified directly in feature space; and

7. Tasks requiring tracking of moving objects.

The final aspect implies that, in designing the control system, a distinction is made between

visual servoing applications where the object and camera are stationary versus moving in the

steady-state. An example is the case of an object moving with velocity V which is tracked a by

a system which does not include a prediction algorithm and has a unit feedback delay of T

seconds. If the steady-state error between the reference and delayed feedback signals can

be driven to zero, then an actual tracking error of VT remains. Steady-state servo errors can

be made small with a sufficiently large bandwidth controller, but controller design trade-offs

are usually made between transient response and steady-state errors. As T increases (due to

vision processing constraints), the controller bandwidth is forced to be smaller. The steady-

- - - - - -
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state servo error and actual tracking error increase, and a prediction algorithm is required to

reduce tracking errors. For tasks involving stationary objects, a controller can always be

designed to reduce steady-state position errors to zero, irrespective of controller bandwidth

or the use of prediction algorithms. For these applications, transient performance becomes

the important design goal. As an initial step in understanding image-based control, prediction

algorithms are not included in this dissertation and only tasks involving stationary steady-

states are considered. Step input reference signals, defined by the "teach-by-showing"

strategy, provide a suitable measure of system performance.

In this section, a control law approach is introduced, and the controller is designed in

Chapter 3. The feature selection and assignment issues are addressed by defining a measure

of feature transformation coupling. And, finally, methods for path constraint are suggested.

2.5.1. Control Approach

To design a controller, it is useful to consider small-signal models of the system. Small-

signal models (about a nominal operating point or trajectory) of "look and move" and IBVS

structures are represented in Figures 2-14 and 2-15, respectively.

xrJ (t)

Ret(k) Incremental I Vision t

-f(k-n d) Delay

Computer

noise

Figure 2-14: Small-Signal Image-Based "Look and Move"

In these figures, Jfeat is defined in (2.6), and Jarm in (2.5). In Figure 2-15, Jarm is assigned a

negative sign. Since
* ~x =x *x

-rel -obj

then
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Figu re 2-1 5: Small- Signal Image- Based Visual Servoing

for a stationary object or camera. The system output is the undelayed feature, whfie the

faedback path is modeled by discrete unit delays. The incremental robot system is WcL(Z
(Section 2.3.2.1). Linearized open-loop robot dynamics [Chung 82], or equivalent linear /0

modeles [Stone 84 , are represented by W p(Z'). In addition to the control requirements of the

robot dynamics, described in Sections 2.3 and 2.4, the design of the controller, C or Cao

depends on the "J" sensitivity matricies, feedback delays, and measurement noise. In

Chapters 5, 6, and 7, the sensitivity matricies are shown to be suonlinear and coupled

functions of .and Xrel; thus, J varies as _ varies, and feature-space transformations are
manifested by time-varying open-loop gains. Predicted values of J can deviate from actual

values due to inaccuracies in the modeling of the three dimensional object and transduction

process, and from drift and variation in the transducer parameters. At the extreme, the values

may be completely unknown a'priori when minimal knowledge of the inverse interpretation
transformations 1*1 are available, such as arises when task programing is limited to the

"teach. by-showing" strategy.

Fixed feedback controller designs have limitations in the control of such nonlinear and

unknown systems. Even if the nonlinearities are known, a fixed controller design for these

systems is a formidable engineering problem. in contrast, the adaptive approach to controller

design appears to be applicable for these requirements. The adaptive approach has already

been suggested and studied in application to nonlinear dynamic and kinematic control of

possibly unknown plants (Section 2.3.1.3). It would appear that this approach is also capable

0 '
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of adapting to nonlinear and unknown feature gains (Jjeat or J). The IBVS controller design

developed in the dissertation will therefore emphasize the adaptive approach. Performance

limitations and application of fixed controllers are also evaluated by fixing the adjustable

gains of the adaptive controller (derived from initial adaptive learning trials) in the simulation

experiments.

Adaptive and fixed controllers can be coupled or uncoupled. Coupled controllers have an

inherently greater potential for being able to uncouple a coupled system. Uncoupling of a

feature based input/output system, however, does not, in general, uncouple the world space

variables. Coupled controllers have several potential disadvantages, including:

I. They are computationally complex relative to uncoupled controllers. For
example, it is shown in Chapter 8. that the computational copmplexity of an m-
input, m-output nt h order MIMO MRAC controller is order m3 n2 , versus inn 2 for m
independent SISO controllers;

2. MIMO controllers do not lend themselves to modularity. A modular system can
easily be extended to increasing degrees-of-freedom, and distributed processing;
and

3. MIMO feedback controllers make available extra degrees-of freedom in the
controller, -;uch that non-unique combinations of controller gains can specify
desired pole locations. Added controller degrees-of-freedom essentially
complicate the manual tuning process, and parameter initializations.

Uncoupled adaptive controllers have already demonstrated the potential to control

dynamically coupled robots. They are modular, and cornputaticnally simpler, and would thus

be easier to implement (in future research) in current laboratory and factory computing

environments. For these reasons, the approach developed in this dissertation will emphasize

uncoupled control of coupled systems, using the concept of equivalent SISO plants (See

section 2.3.1.3). For example, a 2 DOF IBVS system is controlled by independent MRAC

controllers in Figure 2-16. The small-signal sensitivity matrix, J in (2.7), is included in the

figure to clarify its role in system coupling. From the adaptive controller ("A1 and .A2)

viewpoints, the system is equivalent to controlling two independent plants, depicted in Figure
A A

2-17. In the figure, .eq.(Z') and W.e(j.(Z*1) are equivalent SISO linear prediction models withA

parameters that may bo time-varying. That is, We(z'1) predicts fi(k), from past and present

values of ui(k) and f,(k), independent A actual physical plant models.

A coupled controller, which estimates coupled models, is outlined in Chapter 8 for
I computational complexity analysis and possible future implementation. Problem areas of

I
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Figure 2-16: MRAC Control of an IBVS System

SISO control, which are isolated in Chapters 6 and 7, suggest the potential performance

advantages gained by MIMO control.

The approach to adaptive control will follow the enhanced identification error MRAC

developed by Morris and Neuman [Neuman 80]. While similar approaches have appeared in

literature, their research focused on details of physical implementation including control

signal saturation and controller stability, measurement noise, and computational complexity

6 : . -..
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for microprocessor implementation. Since the algorithm does not include control of systems

with discrete measurement delays, the algorithm is extended in Chapter 3 to include control of

systems with delay. Additional modifications for applying uncoupled MRAC to the control of

coupied nonlinear systems are also developed.

2.5.2. Feature Selection and Assignment

Feature transformation coupling (i.e., represented by the small-signal feature sensitivity

matrix J) leads to related problems of feature selection and assignment. The feature selection

process asks the question: How should a subset of n features be selected from a set of m

possible control features fi (i = 1 ...... m), where m>n? And, the feature assignment process

asks: Since the uncoupled controllers are used to control coupled plants, which feature

should be used to control each actuator? Both issues are related to the degree-of-coupling of

the feature transformation. A measurement of coupling is proposed to help answer these

questions.

2.5.2.1. Feature Assignment Using Diagonal Dominance

In applications, where uncoupled controllers are used to control coupled plants, there is

always the problem of choosing which servo error will control which actuator; that is, for a set

of n outputs yi (i = 1...,n), which servo error, Ay, should be filtered and coupled to the ith

actuator as ui? The control engineer tackles this problem with insight into the physical nature

of the system and formulates qualitative notions of the degree-of-coupling between the

If
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independent actuators and the system output. For joint-level robot control, Aq i should be

used to derive ur. For other systems, such as IBVS control, the assignment may riot be

straight forward. To formalize this procedure let the open-loop linear system be defined by

Y(s) = H(s)M(s)

where H(s) is an (n x n) transfer function matrix. When the system is uncoupled, H(s) can be

transformed into a diagonal matrix by switching the jth and kth columns of H(s), and therefore

the jth and kth rows of u(s), until all off diagonal elements of H(s) are zero. When H(s) is

diagonal, the only choice for servo error/actuator assignment is ui-Ay . When the system is

coupled, then H(s) cannot be transformed into a diagonal matrix. Servo error/actuator

assignment selection can be accomplished by organizing H(s) in a 'diagonally dominant"

fashion [fosenbrock 74], such that the diagonal elements dominate the off-diagonal

elements. Diagonal dominance is defined as
n

IH~i(s)l> '. IH,,(s)l for i = 1 .... n; and all s on a desired contour. (2.8)

j=1
j*i

When H(s) can be organized according to this definition of dominance, then limited stability

properties of both coupled and uncoupled fixed control of the system can be

tormulated [Rosenbrock 741. When applied to image-based systems, with IJW l--H(s), it will
P

be shown in Chapter 6, that for limited degrees-of-freedom, the sensitivity matrices cannot in

general satisfy this definition of dominance.

An alternative approach is to organize JW to maximize the inequality (2.8) over all possible.
p

column arrangements. This criterion reduces to defining the dimensionless measure of

diagonal dominance as

D(k) = I ij ..i.(k) I  (dimensionless) (2.9)1 0 I JW ,1 (k)li=1 j=1

j~i

and then minimizing D(JW p) over all n! possible column arrangements. The logarithm of the

dominance is used since the ratios change by orders of magnitude. The suitability of

minimizing D(JW ) to predict a suitable feature/joint assignment 2 will be evaluated in

Chapters 6 and 7. In these evaluations, it is assumed that the open loop plant time constants

2 rhe nomenclature "feature/joint assignment", throughout the dissetation, is used to mean the feature to actuator

Sservo error assignment issue.

0
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are much smaller than the closed-loop system time constants. The plant W will be

approximated by its low frequency gains for calculation of dominance. This corresponds to

the DC gains for Type 0 plants. For Type I plants, the low-frequency gain of the open-loop

integrator is used.

Since J, and possibly W p, are time-varying, the assignment might require on-line

reassignment during control. This would require J and W to be known a'priori or estimatedp

on-line. In the 2 DOF evaluations (in Chapter 6), J and W are derived analytically forp

specification of feature assignment over the trajectory. In the 3 DOF evaluations (in Chapter

7), IJW lit is measured at the start of the control task by sequentially i:oving each degiee-of-
p

freedom by small increments, and measuring the change in features. The resulting feature

joint assignment is then fixed over the entire control trajectory. Evaluation of limited degree-

of-freedom systems suggests, for a set of features, the feature/joint assignment remains

constant over large regions of control for uncoupled kinematic configurations (e.g., Cartesian

robot and "look and move" structures). For coupled kinematic configurations (e.g., an

articulated arm), a feature/joint reassignment is predicted when controlling over large

distances in space. Thus, measurement of JW at the start of the control task may only be
p

suitable fcr feature/joint assignme:nt applicatiorc requiring small corrective motions. A

general image-based system would require on-line estimation of JW to determine suitable
p

assignments. A method for accomplishing this task is proposed in Chapter 8.

2.5.2.2. Feature Selection

The image of a typical scene generally contains more features than there are degrees-of-

freedom to control. The number of features must equal the number of degrees-of-freedom in

an image based system since the feature sensitivity matrix is constrained to be square. The

feature selection question is then: How should a subset of n features be selected, for an

n-DOF robot, from a set of m features, where m>n? The possible number of candidate

subsets is

(m,
cn n!(m-n)

If a coupled control law is used, then the ordering of the feature subset is not an issue. The

process of feature selection becomes more complex when an independent control law
strategy is used. The feature/joint assignment isnsue increases the total number of ordered

candi ,to subsets to

'" ". - i. " - ' . -- - " ' . . • . '- • '- .. i - "' - . . . , . . .. . .
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ml
p(m,n) =

(m-n)!

How can a subset be chosen from p(m,n) potential candidates? To arrive at a strategy, it is

useful to first describe the idealized attributes for a feature subset. While such attributes may

not be expected in practice, they can serve as guidelines.

To arrive at a criterion for feature selection, two aspects of feature-based control are

analyzed:

1. Abilty to specify world space path using feature based trajectories (assuming that
the control system can achieve a specified feature space performance), and

2. The control effort required to achieve the specified feature space dynamic
performance.

It is shown below that the attributes of the feature sensitivity matrix, Jfeat' relate to path

performance, while the attributes of JW relate to the control effort aspects.
p

With respect to world space path, it is desireable to be able to control independently each

world level DOF. To achieve this goal, an ideal subset of features should yield a feature

sensitivity Jfeat which is diagonal and constant. Then,
Af.

AX. = -i
Jfeat-i, i

where, AXi is the path error for the ith DOF, Af. is the ith feature error, and Jfa. is the (i,i)th

element of Jfeat" If straight-liiie motion is desireable, and all of the features exhibit the same

dynamic response, then straight-line motion would be achieved. For example, assume that the

ith feature response is specified by the critically damped response

fi*(t) fi(t)-fi(O) = Afi(1 .e't/)

and all feature responses have the same time constant r. The response of the th DOF is

xi(t)_Xi(t).X(O) = J-1 fi(t)
- feat-,i

The relationship between any two Cartesian degrees-of-freedom becomes

X. J1  Af 1-et/7
. Jfeati -- = Constant- Vj = . Afj . e -

feat-j

which is constant and specifies the equation of a straight-line in Cartesian coordinates. It thus

becomes straightforward to specify straight-line motionl

0
.- - - ---
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If an ideal feature sensitivity matrix could be synthesized, then it still remains to control

dynamically the system to achieve the desired feature response. Attributes of the overall

sensitivity, JW , can be used to describe the control effort required to achieve the desired

response. Similar to the feature sensitivity attributes, the idealized overall sensitivity matrix

should be diagonal and constant. Diagonalization permits the unqualified use of independent

controllers. And, constant elements would permit the use of fixed controllers, or using an

adaptive approach, would require lower sampling-to-bandwidth ratios (Section 3.6.2).

The evaluations, in Chapters 6 and 7, demonstrate that the idealized sensitivity attributes

cannot be expected in practice. The matricies are coupled (i.e., not diagonal) and typically are

time-varying. Feature sensitivity changes are minimized for small motion tasks, and for

configurations with large magnifications. If the feature sensitivity were constant, but coupled,

the predicted path would still be straight-line motion! Since

.X -1 f
= Jfeat -

then

Xi- (J;eat.i AfI + -' J at-inAfn)( 1  "')

Ki(-e-t/ )

where K. is a constant. The constant relationship between any two Cartesian DOF becomes

X./X.= K./K.I J I I

From the dynamic control viewpoint, it will be shown that SISO independent controllers can

be used to control these feature coupled systems, with limitations. An MIMO control law might

produce superior performance, but with added computational complexities.

Since we may not expect to find feature subsets which yield idealized sentitivity attributes, a

feature selection strategy could seek a subset which best approximates these ideals; i.e.,

select features which minimize the coupling and senitivity changes along a trajectory. The

dissertation will limit its scope by focusing on feature coupling issues for feature selection.

The question which again arises is how to quantify degree-of-coupling. In the dissertation, the

diagonal dominace measure, D(JW p), in (2.9), will be used to quantify system coupling. The

feature selection strategy then becomes minimizing D(JW p) and D(J feat) over the set of

candidate features. By minimzing D(JW p improved dynamic response is expected with SISO

!I
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*o controllers. And, by minimizing D(Jfeat ) , closer to monotonic path performance would be

_ expected. Each strategy may not produce mutually exclusive decisions, and arbitration

between them would be based on the relative importance of each attribute. For example, a

system could be feature uncoupled in the joint space of an articulated robot arm, but not

uncoupled in Cartesian space. Since the degree-of-coupling plays such an important role in

the independent control approach, the dissertation will limit the evaluations to feature

selection based on minimization of D(JWp).

* Finally, when designing an image-based "look and move" system, the feature selection

*" process can equivalently be viewed as a world coordinate system selection process. That is,

the "arm-solution" could be based on Cartesian, cylindrical, or spherical reference frames.

For a subset of features, Jfeat may be less coupled in one world frame than in others. While

this approach is not evaluated in this dissertation, this is an important topic for future

research.

2.5.3. Path Constraint

In this section, the issue of path constraint is addressed, when the task is specified directly

in feature space and objects can be in random poses so that only the end-points of the

reference commands are known a'priori. In this case the exact path cannot be specified. For

example, for a "look and move" structure, with Jfeat uncoupled (i.e., D= -00), a monotonic

path can be predicted. When Jfeat is coupled, the path which produces asymptotic feature

errors need not be monotonic. When this occurs, task performance can be affected as

follows:

1. An object image can be driven out of the field-of-view, and the feature control
must be stopped;

4 2. A potential for collisions with other objects in the surrounding environment can
arise;

3. Longer distances to travel increase the response time; and

4. Overshoot can occur, resulting in physically bumping into the object.

The alternative to path control becomes path constraint. In this approach, independent

robot degrees-of-freedom (i.e., joint level in IBVS and world level in "look and move") are

constrained by dynamic braking (by position servoing), disabling (by mechanical braking), or

by forcing direction reversal along that degree-of-freedom. Constraint is based on on-line

...
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measurements of path performance. For example, path performance can be specified in robot

world space by requiring that either boundaries and/or directions of travel are constrained to

limits defined by a'priori task knowledge. Directional constraints may arise naturally from the

task requirement (e.g., the object is always in front of or to the right of the initial robot

position). Work cell boundaries can also be specified. During control, _q is measured and

robot world coordinate positions are predicted using the direct kinematic solution. Deviations

from specified directions or across boundaries signal the requirement to constrain motion

along the responsible degrees-of-freedom. In the "look and move" structures, it is

straightforward to command independent world coordinates. In the IBVS structure, the

problem becomes more difficult without the internal compensation for nonlinear kinematics,

and only the generalized (or joint) degrees-of-freedom which "dominate" the specified world

coordinates can be constrained. Generalized coordinate domination is then predicted based

upon the diagonal dominance minimization of Jarm (i.e., q, dominates Xi when Jarm is

organized to minimize D(Jarm). Directional constraints might also be evaluated by using

feature space measurements and on-line estimates of Jfeat according to
KXe I " jI Sf

feat

If a'priori task constraints are not specified, can feature measurements alone be used to

constrain motion, and if so how? While a general approach for feature based path constraint

has not been developed, a potential strategy has evolved, and is eva!uated in the dissertation.

In this approach, a hierarchy of control is established (Figure 2-18). At the top level of control,

limited degrees-of-freedom are under feature control, while the remaining are constrained. In

proceeding from top to bottom, additional degrees-of-freedom become available for feature

control. At the bottom level, all degrees-of-freedom are under feature control. At each

sampling instant, decisions are made to determine the operating level. These decisions are

based on feature performance indices, PI (defined below), compared with a threshold e. By

not forcing all degrees-of-freedom to be turned-on initially, this strategy may minimize non-

monotonic path deviations. It remains to specify how to select the degrees-of-freedom which

comprise each level, and performance measures which dictate which level is operational.

The object pose, Xre is defined in Cartesian space and is divided into three movement 0

modes according to:

1. position: Xrel' Zrei

2. orientation: qp,e,4

rS
L..1
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Figure 2-18: Control Hierarchy

3. depth: Yre

It appears logical to control first the position degrees-of -freedom which grossly align the

perceived object image with the desired view. Depth control would be operational at the

lowest level of the hierarchy, only after gross positioning and orientation have been achieved.

Individual feature measurements are assigned to each degree-of-freedom according to the

diagonal dominance organization of Jfeat' and movement in each mode is evaluated

according to the corresponding percentage feature error used as the P:
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Af
-,- PI X 100%

Afmax

This measure attempts to normalize the feature error relative to the image boundaries. In IBVS

structures, generalized coordinates which dominate movement in the world modes are

selected according to the diagonal dominance of Jarm (i.e., minimization of D(Jarn)). The

resulting hierarchy is represented in Figure 2-19.

@t=kT
• Take Picture

i E-xt~act Features

*Feature Control Position

0 '(%zc-Fx & %:F) YES Dominant DOF

*Restrict all other DOF

NO

*Feature Control Position

7 & % E YES and Orientation
S .PDominant DOF

Corient *Restrict all other DOF

*Control all DOF

40

Figure 2-19: Hierarchical Control Example

In the experimental simulations, joints are assumed to be constrained by mechanical

0 breaking, and the threshold levels are determined experimentally.

0..:
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2.6. Summary

The central theme of this chapter is the dynamic control of robot end-effectors. Non-sensor

based robotic systems are limited to control systems which use generalized coordinate

measurements for feedback, while end-effector position is-then predicted using kinematic

models. The control issues involve compensation of nonlinear, coupled, and possibly

unknown robot dynamics. Feedforward control leads to precise tracking, but is

computationally intensive and relies on accurate robot models. Fixed linear feedback

controllers are simple to implement, but their dynamic performance can degrade with

increasing joint speeds, and over broad ranges of arm configurations. Application of adaptive

controllers has only recently be evaluated, but initial simulation studies suggest that they are

suitable for robot control over a wide range of speeds and configurations, and can be

implemented using currently available microprocessor technology.

Computer vision extends the feedback measurement space to include relative end-effector

position. This capability permits the synthesis of control systems which utilize such

measurements for control of end-effector positioning. These integrated visual servo systems
have the potential for improving robot accuracy and extending their capabilities for operating

in unknown environments (e.g., objects to be aquired, or worked on, are in random positions).

Control structures for visual servoing are formally organized, and summarized in Figure 2-20.

The image-based approaches are novel structures and facilitate robot task training by using a

"teach-by-showing" strategy. They may also exhibit superior accuracy, relative to the
position-based approaches, since they do not require explicit interpretation, of image

features, to measure world coordinates.

For each control structure (with the exception of "static" position -based), a visual feedback
controller is required since the role of computer vision as a measurement process affects the

closed-loop system dynamics. In addition to robot dynamics and kinematics, the linearity,

noise properties, coupling, unknown parameters, and computational delays of the

measurement process must be considered in the design of'the control system. To meet the
requirements for image-based control, an adaptive SISO MRAC approach for control system-]I

design is proposed. Issues of feature selection and assignment are addressed by defining an

image feature transformation coupling measure based on "diagonal dominance" of the

transformation Jacobian. While the analysis (in this chapter and Chapters 6 and 7) shows that

the predicted position trajectories, for image-based control, can be straight-lines or approach

,I
*J

. . . .. . . . . . . . . . . .. ]
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Robot Under Control

Incremental System Open-loop

Measurement
Space (Fig 2-6) (Fig 2-1)

Static "Look & Move"

(Fig 2-9) PBVS
Position

Dynamic PB "Look & Move"

(Fig 2-10) (Fig 2-l)

Dynamic 1B "Look & Move" IBVSImage

Feature (Fig 2-12) (Fig 2-13)

Figure 2-20: Visual Based Control Structures

straight-lines (for the systems evaluated in the dissertation), the end-effector path cannot be

directly specified. Path control reduces to a problem of path constraint. A hierarchical control

strategy, using feature based performance measurements, is proposed to minimize deviations

from a non-monotonic path.

The model-reference adaptive controller is developed in Chapter 3. In Chapter 4, simulation

models are presented for the visual servoing tasks to be evaluated (in Chapters 5, 6, and 7)

using the IBVS approach.

0

0

0'

0 . . -> " '- i > -. -" ? i. . > . .: i •, . . -2 : i .. . - .: - . ,. . ., . ..i :::,i ....,: ..
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Chapter 3
Model Reference Adaptive Control

3.1. Overview

The purpose of this chapter is to review the uncoupled MRAC control algorithm, and modify

it for systems with measurement delay. Additional modifications for applying uncoupled

MRAC to control of coupled systems are presented. Interpretation of MRAC control of a

constant linear plant, and selection of MRAC parameters are also discussed. The controller

described here is based on the algorithm developed at Carnegie-Mellon University by Neuman

and Morris [Neuman 30, Morris 811. Their research concentrates on microprocessor adaptive

control of linear SISO processes with slowly time-varying parameters. Similar algorithms have

been applied in the lierature [Dubowsky 79, Horowitz 80. LeBorgne 811 to control simnulations

of nonlinear and coupled robot dynamics, but have not utilized the enhancements, stability

viewpoints, and attention to implementation presented in this dissertation.

The SISO MRAC controller, developed at CMU, is reviewed in Section 3.2. A contribution of

this dissertation is the extension (in Section 3.3) of this controller to control systems with

measurement delay. In Section 3.5, steady-state analysis of this system predicts a minimum

requirement for a control penalty enhancement to insure relative stabilty. Additional

modifications for applying uncoupled MRAC to control of coupled systems, including signal

biasing and gravity compensation, are presented in Section 3.4. Finally, Section 3.6 includes

guidelines for selection of MRAC parameters.

3.2. MRAC for Systems Without Measurement Delay

The purpose of this section is to review the SISO MRAC controller developed by Neuman

and Morris [Neuman 801. A detailed derivation and discussion of this controller is included in

Appendix A.

- .t,
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A block diagram for a SISO plant under discrete computer MRAC control is shown in Figure

3-1 [Neuman 80]

r(k) Reference (k) Adaptive u(k) u(t) Plant y(t)

ModelControl ler G(s)

M~z-' T y(k) ADC

Computer

Figure 3-1: Analog Process Under MRAC Control

The MRAC system comprises three basic components:

1. Analog plant under control;

2. Full-parallel reference model; and

3. Adaptive controller

The reference model transfer function M(z 1 ) specifies the desired closed-loop response of

the sampled plant output, y(k), to a reference signal r(k). The adaptive controller is a digital

feedback controller. The controller gains are adjusted to drive the closed-loop response of

the system to that of the reference model. The controller uses both plant and model input and

output information to generate the control signal u(k).

At the heart of the MRAC is the controller adjustment mechanism. If the full-parallel (FP)

output error is defined as

eFk) = x(k)-y(k), (3.1)

the adjustment mechanism must be designed so that

1. eFk) asymptotically approaches zero, and

00 2. The closed-loop system is stable.

.o
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Adjustable controller design is based on the identification-error [Neuman 80]. The plant

input-output information generates estimates of the plant parameters and are used by an

identifier to predict the plant output. The identification error is
elD(k) = y(k)-t(k) (3.2)

where the identifier output t(k) is the predicted plant output. This error drives the adjustment

mechanism which updates the estimates of the plant parameters. In turn, these estimates are

used to adjust the controller gains. The adjustment mechanism is designed so that eID(k) is

globally asymptotically stable for a SISO linear system. The controller is then designed to

guarantee the asymptotic stability of the full-parallel error.

The mathematical structure of the MRAC, without measurement delay, is described in

Appendix A.

3.3. MRAC Control With Measurement Delay

The adaptive control algorithm, reviewed in Section 3.2, assumes instantaneous

transduction of the feedback signal. Control systems, such as IBVS, have time delays in the

feedback path. These delays, which increase the order of the system under control (by adding

discrete open-loop poles at z= 1), make the system more difficult to control and reduce the

margins of relative atability.

One approach to the adaptive control of systems with delay might be to apply the algorithm

reviewed in Section 3.2, with higher-order estimators. Preliminary simulation evaluation with

this approach resulted in unstable systems.

Another approach is to make the order of the system equal to that of the plant by using a

predictive algorithm to estimate the undelayed process output. For example, Bahill [Bahill 83]

suggests the use of a Smith predictor control scheme which includes an adaptive controller.
This approach adds another level of complexity to the control law design and evaluation. The

approach followed in this dissertation is to use the delayed output directly as the feedback

signal by extending the basic MRAC algorithm to include known time delays in the control

law. Extension of the MRAC algorithm to include measurement delays follows.

4

4 =-
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3.3.1. MRAC Controller with Delay

The functional arrangement for a system, with n d unit time delays in the feedback path,

under MRAC control is shown in Figure 3-2.

xeeec Adptv u(k) u t) y(t)
\~)R f r n eA a t v PlantV

ModelController / IG(s)
M( z

Sensor
Yd(k)-Y(kn d) \ ComputerAC

Computer

Figure 3-2: ,IRAC with Measurement Delay

To modify the control algorithm, the measurable signal at t = kT, yd(k), is assumed to be the

variable under control. The actual process output, delayed by nd sampling periods, is Yd(k). If

y (k) is stable, then y(k) must be stable since Yd(k) is related to y(k) by the stable polynomial
Znd.

The process under control becomes G(s) in cascade with nd time delays. The discrete

process transfer function Wd(Z") is

Wd(Z-1) = Yd( z I) -Z dW(Z - 1)-U(z"-z

where W(z') is specified in (A.8). Thus,

Wd(Z 1 )b d ) + z(n + nd )

P 1 -a I ... a nz'n

The input-output difference equation of the process under control becomes
n n

i= 1 i=1

or

o6

,. ,. . ... ".. ." ." ., . ". . - . . .. . !. ,. - ". - , . " . ",."
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y (k _T (-1

where

±d(k1)4- u(k-ln... I(k-n-n y(k- 1)..y(k-n)J is the (2n X 1) information vector

modified to reflect the measurement delay. The adjustment mechanism in (A. 15), (A. 16), and

(A.17) becomes

A A 1
fl(k-n d) fl(k- I -n d) + -P(k-1 )jd(k-l )s(k) (3.4)

s(k) = ID~ (3.5
1 + (1 /)!T(k- I)P(k- 1)k(k. 1)

1 1 [ s(k) ] T( JL
P(k) = --P(k-)-L J (k- 1 h T(k- 1)1 1)(k- 1) (3.6)

X~ ID e 1 (k) d -

The identifier is chosen to represent an input-output model of the process with delay, and

* (A. 11) becomes

t k)A (kln)"inA
b d]U~) ,(- n l""iI d k (3.7)

where t d(k) is the estimated process output delayed by n d sampling instants.

The identification error beccmes

e,,(k) Y'd (k.di)[d f.(k.1~ n)]i1 ~(k.1) (3.8)

The identifier in (3.7) is inverted to derive the control law. From (3.7),
A

t d(k) b b1(k- 1 n d)u(k-1-n d)

+ b,(k- 1 -n d)q'(i + nd)] u(k) + L~ a1(k-1 -n d)ql yd (k).
=2 i=1

Solving for the control signal u(k-n) that would have been required to force the one-step

ahead identifier output t d(k + 1) to follow the reference model signal leads to

n

u~k-n d) -A - (- bn,( 1nd)q' )] yk)(3.9

equationnreplaced bydu(k)

Thisappoac spcifis wat he ontrl sgna shuldhavebee n saplin intans i th

pat.Th at~lcotrl igali frmlaedacodig o 3.) wthth lfthndsie fjh
eqato relae by u-
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bknd) i=2 =1I

3.3.2. Control Penalty

The control penalty is reformulated to account for control delays. The Z-transform of (3.10),

with the control penalty included, is

nv (k) R.- A(i11
Fd~z1)=1 (k)----L2 b(k-n d)Z' (3.11

U(Z')= bl(k.n d) =2 I

The uryconitins rk aple to (31)fo h cs f 2an 1 pn plin h

+2 b 2(k-)z b(- ~

For thie quadrale hceitic equation, thuycniisledt

17r~~b2()/b(k) n

b,* d)k) (3.12

Tpe u. Iniire 3-3e Wple to is3specifieonr A7 n the rooalcu as a f n .Unctpiongo themoded
grains(formto zd = )i hw nFgre34 hr r w dmnn ih-af -ln oe n

fastpoleon te ne Atvrelai.Tegiistndtacivcrtclamngothtw

*~~~~~~ F doinn poles Th rica gain is fon1sflos)h haatrsiqaini

0lk1

Fo thi quadrati eq ain the Jur co dtin lea to-.- --.- - ~- -- I ~
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Figure 3-3: Reference Model With Delays

Real [z]

Figure 3-4: Reference Model Root -Locus with One Delay

bz2 -1 (3.13)

Differentiating (3.13) WNith respect to the gain, K Presults in the third order polynomial

2b z + (3b 'a b )z .2a b z- a b = 0

The roots are found with the Fortran IMSL IIMSL 82] library routine ZPOLR, and the root lying

between 1 and -a2 corresponds to z break' The critical gain is determined by evaluating

(3 .13 ) at z =zbreak:

Z2
K~rt Zbreak (zbrenka I z break a2 )

bI Zbreak + 2
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The closed-loop transfer function becomes

MdZ)=K bIz'I + b 2 -2

I P1 2Z
d ' ~1.alz 1 + (Kpbl-a 2)z2 + +bz

and the model parameters of (A.13) are

b1 = b1Kpcri
t

b0 =b K2 2 Pcrit

b 3 =0

0
a, =a 1

a 2 =a 2 -b1Kpcrit

a= -b Kpcrit3 2 P i

m=3

3.4. Signal Biasing and Gravity Compensation

To apply the uncoupled MRAC controller to a coupled nonlinear system, two modifications

are required:

1. Biasing of the reference and output measurement signals so that the operating
point is numerically zero, and

2. Addition of gravity compensation if the plant under control is type zero.

3.4.1. Signal Biasing

To assure that the FP steady-state errors go to zero, the control operating points must be

referenced to zero. To demonstrate this requirement, a step input, r(k) = R, is applied to the
controller and the steady-state FP error is calculated. In steady-state, it is assumed that the

reference, output, and control signals have the following constant values:

XR(k) = R
y(k) = Y
u(k) = U .

In addition the estimated parameter vector is assumed to be in steady-state:
A

If v = 1, the controller in (A.12) or (3.10) reduces to:

S. . .. .
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R - Y -' a

USS ( 3.14)
n

A

i

Upon solving (3.14) for R, the steady-state FP error, eFPss = R-Y is
n

r A Aj1e FP-ss = LISS'Y SS/WO()] " ' bi (3• 15)

A

where W(1), the estimated DC gain of the equivalent SISO system, is
nA

A
W(1)

n
SA

i=1

If the open-loop plants are type I (ie; there is an open-loop pole at z = 1), then Uss must be zero

A

for the system to be at rest. For ess =0, then Y /W(1) must be zero. Thus, either Y or
A S

1/W(l) must be zero. Type I systems have infinite open-loop gains. However, simulations

using type I plants with nonihnear gains (Section 5.4) produce steady-state equivalent SISO

model estimates which can be type 0. Type 0 processes have finite open-loop gains. Thus,

the operating point, Y , must be forced to be zero. To accomplish this, the reference signal

is forced to zero, and the output signal is biased by the reference:

1. XR

2. y(k)-[y(k)-X (k)]; and

3. Initial model conditions: x(0)-[y(0)-x(0)].

3.4.2. Gravity Compensation

Let a type 0 SISO process be under MRAC control. When the gravity component is zero, no
actuating force is required and Us. = 0. From (3. 15), the measured output signal must then be

referenced such that Y = 0 when U = 0. In contrast, each type 0 process in a coupled

system (such as an articulated robot arm) has an equilibrium point which is configuration

dependent. The zero reference point cannot be assigned in advance. To overcome this

problem, the identifier in (3.7) is modified to include the bias a as follows:

n n

td(k)= -b--n)q'd)]U(k)+ A d)qiyd(k)+ao(k-1-nd) (3.16)
i=1 i=Y

I
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The information and parameter vectors, respectively, are redefined to be

(P d(k-1)-- [u(k.1-nd)...u(k-n-nd) 1 Yd (k-1)...Yd(k-n d)]T ([2n + 1 X 1) inform. vector,

T- a.an) ([2n + 1) X 1) parameter vector

and the dimension of adjustable gain matrix becomes ([2n + 11 X [2n + 1]). This identification

structure has been used successfully by Koivo [Koivo 811, for optimal least-squares

estimation, to estimate an equivalent SISO model for a robot joint. With this identifier, the

controller in (3.10) becomes

[n 
nuk) N 7 IX (k)- E b (k-n d)q" U%)-]u(k) -E a,(k-n d)q"]Yd(k))} (3.17)Fb,(k-n-n )

b(knd) i=2 i=1

A

a Q(k-d+ a~kno)

bl(k-nd)

For control of type 0 processes, a steady-state error can occur when a control penalty and

U #0, according to (A. 1). Neuman and Morris suggest that auxiliary fixed PSD control can

be used to drive these errors to zero. Alternatively, the adaptive bias term proposed in

(3.16) can also drive steady-state errors to zero. This approach requires that the conirol

penalty not be applied to the bias term in (3.17). Also, when ramp inputs are applied to type I

processes (e.g.. moving targets), steady-state errors could also be reduced to zero with this

approach.

3.5. Linear Control Interpretation

When a SISO linear process, under adaptive control, remains constant and the adjustment

mechanism converges, the closed-loop MRAC becomes a linear time-invariant feedback

system. This is called linear model following Control (LMFC) [Landau 79]. When the actual

plant is time-varying, the MRAC attempts to perform as if the true linear parameters were

being utilized, since the nonlinear and time-varying adjustment mechanism attempts to drive

the identification error to zero. The characteristics of the LMFC approximate those of the

MRAC even when the nonlinear and time-varying adjustment mechanism is active. Linear

analysis of a SISO linear autonomous process under LMFC control (with reference model and

control penalty enhancements included) can thus provide insight into MRAC control.

Neuman and Morris have performed extensive linear analysis to systems without

measurement delay. This section extends the linear root-locus analysis to systems with delay.

S
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This analysis shows that with measurement delays, the control penalty enhancement is a

requirement for relative stability, and the stability margin of the SP MtAC system exceeds that

of the FP MRAC.

In the following analysis, the plant under control is assumed to be linear (described by
A

(A.8)), and the adjustable parameters have converged to their true values, that is 11= I.

3.5.1. FP MRAC

The closed-loop transfer function of the FP MRAC is derived. The Z-transform of the

controller (3.10), with control penalty included, is

K Ky(z+ --- --Y ) (3.18)
1-z (l, ' " " 1-z UKti -

where the controller gains are
In 1, "U(Z- ) KU -- 7 -) biz,(i'1)

77 (k) i=2
K--Z

bt

K Y(z-)._ Ky Y_.t bk Y1 aiz-(-'
I i=2

R( z) ) Iy(z )
u( z(z') W((zz B Zn

z A.( z 1-z ndK u

KY

Figure 3-5: FP LMFCControl

From the block-diagram, in Figure 3.5, the closed-loop transfer function is

Y( z) Bm(z'1) Idw(z " )

R (z " ) z1 Am(z )  (1-z dKu)-KYW(z-)z d (3.19)

-Ii~--..? :.. . . : : : ., : ! ' / . . . - _ . . . , :; :
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Upon substituting the controller gains into (3.19), the closed-loop trai isfer function becomes
77(k) Z rid

BWz )-'
Yd(z) .in( 1  (3.20)
R(z.) Am(Z.')m id (k) 1z

[11 -7(k)z 1 +- -Wlz)-
bi z

When nd = 0 and 7T(k) = 1 (3.20) reduces to

Y(zl) B (zl)
d~ ~ m M(z' )

R(z') - (Z-)

and the closed-loop transfer function reduces to the model in (A.3). If nd#O and 7(k) 1,

(3.20) becomes
-W(z 1 ) .

Y(Z 1  M(Z-1) b I  z
R(z1) =~ . Iv~

4zn J1 Z 
-n d

[11.z dj+W(Z )-j-

and the closed-loop response is a filtered model response. Without a control penalty, this

filter can be unstable as demonstrated by the following root-locus analysis.

The t,naracteristicf equation of (3.20) is

1.,ar*z-d 7(k) .Z nd
1-7+(k)z -W(z')-7- = 0 (3.21)

Let the process under control be described by (A.6), and let there be a single delay, This

structure is simulated, in Chapter 5, to verify the root-locus analysis, with the parameters

mT = 0.072 secmodel

K 10(e = 26.58
T = 0.033 sec

and a reference model with two closed-loop poles at z =0.730, and one at z =-0.015. The

roots of the characteristic equation, in (3.21), as a function of the control penalty 1T (as 7r

varies from 0 to 1) are shown in Figure 3-6. When 77 =0, there are two open-loop poles which

originate at the open-loop process poles

z* = e"T/ m=.632' and z2 = 1

and a pole at the origin. As the control penalty decreases (and 77 approaches 1), the dominant

poles originating from the process poles break away from the real axis (when 7r=0.015),

become oscillatory and eventually cross the unit circle and become unstable. A relatively

larme control penalty is thus rcquired to achieve a smooth response, at the expense of slower

tracking of the reference model.

SI

• "~ -" . . . " "". '.". . i.' ' " }1
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Figure 3-6: FP Root Locus vs. w

3.5.2. SP MRAC

The Z-transform of the SP reference model is

4x RZ Bi ( z" + (z' (3.22)

Upon substituting (3.22) into (3. 18), the Z-transform of the SP controller is

1 K.,Z*1)K d0 z ]

From the block diagram in Figure 3-7, the closed-loop transfer function is
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Z 1U -1 -1d

K u-nd
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K z

Figure 3-7: SP LMFC Control
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-nd

1 vrZ W(z'1)
ddbI 1- 'z d z1  -

Y,,_., ') (3.23)

R(z') +B(z n 1 W(Z)

m 1 1z dz "1)

When nd =0 and 7i(k) = 1, (3.23) reduces to

Yd(z) B(z) M(z )

R(zA) (Z )

and the closed-loop model reduces to the model, as predicted. If nd 0 and 7?(k) 1,

(3.23) reduces to
nd1

1 * d W(z 1)
• Yd~(Z-1) B ~ . )  bl 1.za z.

R(z.I) (b (3.24)
1 z d W(z1 ) J

1 +A - ~ A.-mb1 1-Z a 1

which does not reduce to the model. To understand the characteristics of (3.24), the root-

locus is examined. The characteristic equation of (3.24) is

1 "Z- 1 W(z1)
I +A f - -- :- = O. (3.25)b 1-11'Z 4 -

For the process pararnaters in Section 3.5.1, the roots of the characteristic equation, in (3.25),

as a function of the control penalty (-r varies from 0 to 1) are shown in Figure 3-8. When 7r 0,

two open-loop poles originate at the process poles, and there are three poles at the origin. As

the control penalty decreases, the process poles migrate toward the two dominant critically

damped model poles and eventually break away with a relatively small overshoot. One of the
poles at the origin migrates toward the fast model pole on the negative teal axis. Even though -

the system characteristics tend toward the model, two additional poles at the origin break

away from the real axis causing significant oscillation as V decreases.

Comparison of the SP and FP root-loci, in Figures 3-8, and 3-6 shows that the SP MRAC

system has a significantly larger margin of stability when operating with the same control

penalty. Since it is desirable to minimize the control penalty (to keep the closed-loop ]
bandwidth large), the SP MRAC is recommended for control of syst:ms with delay.

L
I.
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Figure 3-8: SP Root Locusvs. ir

3.6. Parameter Specification

Selection of MRAC controller parameters involves compromises among several factors. In'

this section, guidelines and tools are presented to aid the control engineer in making suitable

choices. Optimal selections result from the tuning of the parameters over speci - regimes of

system operation. Parameters are selected in Chapters 5 through 7 to achieve acceptable

operation over a wide range of control tasks, as opposed to optimizations over local regions.

3.6.1. Model Time Constant Specification

The reference model specifies the desired closed-loop system performance. Control

performance can be defined by time or frequency domain specifications, performance index

optimization, or pole-zero location. For step-inputs, a convenient peiformance measure is

rise-time, tr, defined as the time it takes the output to go from 0 to 90% of it's final value. The

. . .... .. . . . .. -- ..
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rise-time criterion is specified by s-plane pole requirements which are then mapped into the

z-plane according to z = es t . The model time constant. "rmodeI in (A.6), is then selected to place

Zbreak at the desired location according to the methods outlined in Appendix A, for nd = 0, or in

Section (3.3.3), for nd = 1.

An s-plane model of a system, with a pair of critically damped poles at 'on, is

2Ref(S) (s + c)

where w, specifies the system bandwidth. The unit step response is

x(t) = 1-ewnt(1- nt)

The bandwidth vs. rise-time is found by solving

0.01 = ewntr(1- w, t) (3.26)

Once the desired rise-time is selected, (3.26) is solved numerically for wn . This bandwidth

then specifies the closed-loop reference model pole at

Zbreak = e- nT

Many constraints must be considered in specifying t. Selecting too large or too small a

rise-time can result in the following problems:

1. The sampling period (in Section 3.6.2) places constraints on WrI and thus tr. A
lower bound on tr results from lower bound constraints on T.

2. As tr decreases, wn increases and zbreak decreases. As Zbreak becomes smaller,
and the system speeds-up, the the controller gain increases, thus amplifying
noise and degrading system performance. As the controller gain increases, the
system tends to saturate more which in turn reduces relative stability. As trie
increases and Zbrenk approaches the unit circle, the full-parallel error eFP
(A.23) increases, relative to any identification error since Am(Z') increases.

3.6.2. Sampling Period Selection

While there are guidelines for the selection of the sampling period T, tile choice can be

forced upon the designer by hardware, software, or cost constraints. When this occurs,
control performance criteria must be evaluated in light of these constraints.

The following guidelines are used in to specify the sampling period and control performance

specifications.

I - . . . . . .. . . - .. . , , , . . . . . - . - - - , -. , . - ,\,'., .
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3.6.2.1. Fundamental Upper Bound

When the closed-loop system bandwidth is specified to be wn, the Nyquist sampling theorem

sets the upper bound on the sampling period according to
7T

T<-. (3.27)
n

If hardware, software, or cost constraints limit the sample period to Tconstraint, where

T >TJBTconstraintTu U.

the closed-loop system bandwidth must be constrained by

n- Tconstraint

It is important to note that there is a distinction between the closed-loop bandwidth and the

highest frequency components of the open-loop process dynamics, since these two

frequencies can be quite different. Thus, potentially slow visual sampling rates can be used to

control fast open-loop processes, if the closed-loop bandwidth is reduced proportionally.

3.6.2.2. Performance Margin

For reasons outlined below, TuB is judged to be insufficient. A performance margin (PM)

can be specified to decrease the sample period according to

-. T
T= uB where PM>1

PM

and therefore,

T<_

-PM°C n

For control of constant systems, typical values for PM are 2<PM<1O, depending upon the

particular application. Adaptive control of nonlinear systems require larger margins (Section

3.6.2.3). In terms of a sampling rate to closed-loop bandwidth ratio, this requirement is

f 1/T
... ==2 PM. (3.28)

fBW tin/ 27r

The performance margin is specified to:
0

1. Reduce any delay between a reference signal command change anid system
response to that change;

2. Smooth the sysem response to the control inputs which are applied to the
process through a DAC;

3. Minimize aliasing effects, since the actual system may have attenuated signal
components above tn; and

0A
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4. Increase relative stability for MRAC with discrete delays by minimizing the
difference between the estimated control signal and the required control signal.

From (3.28), the constraint on the closed-loop system bandwidth becomes
71

wOn< P(3.29)
PMconstraint

3.6.2.3. MRAC Identifier Requirements

The discrete time-identifier used by MRAC places additional requirements on the sampling

period.

1. If the open-loop plant to be identified is constant and linear with no complex
poles, then no additional requirement is placed on T (assuming the computer has
sufficient precision to measure smaller input-output signal changes, as -"
increases and t r decreases). The plant dynamics can be identified independently
of T. If the plant has complex poles at (±jomax' then the sampling theorem
requires that

T ID__ <1

max

If sampling period constraints cannot satisfy this requirement, then an
independent velocity feedback (which samples at a higher rate than the main
control loop) can be incorporated.

2. If the plant is time-varying or nonlinear, then the sampling period must be chosen
to be short enough to track parameter variations. In evaluations in Chapters 5, 6,
and 7, performance margins of 10<PM<25 are demonstrated to be suitable for
tracking the nonlinear plant gains for IBVS tasks which require small corrective
motions. Motions over large distances, and thus larger gain changes, require
even higher margins. These requirements are discussed in Chapters 5 and 6.

3.6.3. Adaptive Gain Matrix Initialization and Limiting

The adaptive gain matrix P(k) in (3.6) is initialized to a non-zero value prior to the start of

control. Subsequent control tasks can then use previously learned values. To the best of the

author's knowledge, guidelines for the initialization are not presented in literature and the

approach seems to be empirical. This topic is an area requiring future research since

initialization of P(k) will affect the identifier's rate of convergence and thus the controller's

relative stability. The following tools and guidelines have been developed to facilitate the

experimentation.

A
1. When the estimated process gain b1 is small it become. difficult to find an

initialization which is not too sensitive. Thus, the reference and output signals are
multiplied by a gcale fackor (SF) to increase the apparent process gain. The scale
factor is increased until b1 execceds 0.001.

. -. . - .
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2. Since the operating points vary widely from one control task to the next, it
becomes difficult to find an initialization that is suitable over a wide range of
control tasks. Signal biasing (Section 3.4.1) makes it much easier to find values

which can be used over a wide range of tasks.

3. In accordance with Neuman and Morris' work [Neuman 79b], P(O) is initialized to
be a diagonal matrix.

4. When the sampling interval is decreased, P(O) is also decreased.

5. Values of P(0) found to be suitable for control of uncoupled SISO systems
appeared to be suitable for control of the coupled systems.

6. When P(O) is initialized with unsuitably small values, the controller would exhibit
poor stability. I these cases, if the tle signs of the steady-state estimated gain
terms were opposite (e.g., /3,>0. and 112 <0), then larger gain matrix initializations,
resulted in improved stabilty and consistent signs (Appendix D).

Equally important is gain matrix limiting. If the system reaches steady-state (!b) = 0), the gain

matrix adjustment mechanism reduces to

P(k) = (1/X)P(k. 1),

and the gain matrix thus becomes unbounded when X<1. This presented implemention

problems for Neuman and Morris due to arithmetic overtlow in the ,.-processor. To overcome

this, Neuman and Moriis simply reset P~k) = P(0) when the diagonal element Pnn(k) exceeded

a threshold Ptresh" In this dissertation, simulations are implemented on a large mainframe

where overflow is not an immediate problem. However, as P(k) becomes large, the adjustment

mechanism becomes too sensitive to adaptation to changes in the plant parameters, and

decreases system relative stability. To overcome this problem, P(k) is reset to P(0) whenever

Pl,,(k) or P 2n,2n (k) > Pthresh'

where the threshold is ;elected experimentally. Similar to the initialization of P(k), the

threshold should decrease as the the sampling period decreases.

3.6.4. Parameter Vector Initialization

A

While hyperstability does not put any constraints on the initialization of f(0), better

initiali;-ation leads to faster convergence of the identifier. If the initialization of b1 is too large,

the rate of convergence and system response are unacceptably slow. This is observed to be

more pronounced as the reference model bandwidth decreases. If b1 (0) is too small, then the

system accelerates rapidly, decreasing relative stability.

°*,

' ~~~~~~~~.....".'. '"..""""."..."""nnn.m" :in llii|iliNillli



83

Any a'priori knowledge of the system should be used to guide the initialization. For instance,

as the sampling period becomes smaller, the gains {b,} become smaller, and the poles

approach unity. Initializations which are satisfactory for control of SISO uncoupled plants

appear to be acceptable for the coupled plant initializations.

3.6.5. Weighting Factor

The least-squares weighting factor A is chosen as a compromise between sensitivity to

adaptation to process changes and over reaction to noise measurement. For the

experimentation presented in this dissertation, and for Neuman and Morris' research, X 0.85

provided satisfactory response.

3.6.6. Control Penalty

The controller pole bound, -y, which indirectly sets the control penalty, is tuned to minimize

ringing in the output. Faster model responses cause increased saturation tending to ring the

controller more. When this occurs, the control penalty is increased by reducing y.

Physical implementation, by Neuman and Morris [Morris 811, of MRAC position control of a

DC motor required smaller values of y than for simulation trials. This resulted from the

computational delay required to actually compute u(k). The LMFC analysis, in Section 3.5,

explains why systems with delay require increased control penalties. Since the computational

delay is only a fraction of the sampling interval, Neuman and Morris set y in the vicinity of 0.9.

When unit delays are present, as with IBVS, larger control penalties are needed.

3.7. Summary

In this chapter, the independent MRAC controller is extended to include measurement

delays. Analysis of this controller, for control of a constant linear plant, predicts the

requirement for a control penalty to achieve relative stability. Chapter 5 includes simulation

examples which verify the algorithm for control of SISO plants. Analysis of independent

control of a coupled nonlinear plant shows an additional requirement for signal biasing and

gravity compensation to assure zero steady-state errors. Guidelines for the practical selection

of controller parameters are emphasized and will be used in the following chapters where

actual values are selected.

i : i- " " ---. J . - -' ..' ' " '. . " ,7- ".' .,-, , . ' . " '.' '-' i.: - - i- . -;' '" ":: ,' -:. -'- .'
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Chapter 4
Task Modeling and Simulation P

4.1. Overview

The purpose of this chapter is to specify the visual servoing task configurations which are

evaluated under fixed and MRAC control in this dissertation. Mathematical modc!s of robot

kinematics and dynamics, camera picture taking, and feature transformations (which are

required for implementation of the task simulations) 3 are developed. The task configurations
, I

are sel.cted so that the delay, nonlinear, and coupling aspects of IBVS can be studied and

evaluated independently as applied to control progressively complex dynamic and kinematic

systems consisting of:

, 1 fOF linear dynamic and kinematic robot, with either cnostant or nonlinear
fealtrri sensitivity;

* 2 DOF linear, uncoupled dynamic and kinematic robot, with nonlinear and
coupled feature sensitivity;

* 2 DOF nonlinear, coupled dynamic and kinematic robot, with nonlinear and p
coupled feature sensitivity; and

* 3 DOF linear, u:ncoupled system dynamics, with a combination of linear and
nonlinear kinematics, and nonlinear and coupled feature sensitivity.

The 1 DOF configuration simulations are summarized in Chapter 5 to verify the basic MRAC

algorithm (with and without delay), and provides an initial evaluation of a system for which the

control variable is nonlinearly related to the physical plant variable. The 2 DOF systems, which

include coupled feature transformations, are evaluated in Chapter 6. For these

configurations, the basic MRAC algorithms will bE augmented by a hierarchical control

strategy, and feature/joint assignment is based on the c )ncept of diagonal dominance. One

of the 2 DOF configurations represents an ideal "look and move" structure since the robot is

,I
All simul3tions are implemented on a DEC 20 proc essor.
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dynamically and kinematically linear and uncoupled. The other configuration specifies an

articulated robot arm in order to invesitigate the relative contributions of nonlinear and

coupled robot dynamics and kinematics. The 3 DOF simulation represents a visual servoing

configuration, with planar Cartesian and rotational degrees-of-freedom, presently

implemented in the CMU Flexible Assembly Laboratory [Sanderson 83b] using a static

position-based "look and move" control structure. Simulations of this configuration, with

linear and uncoupled dynamics, emphasizes the feature selection process. It is natural to

implement IBVS for this system in future research.

This chapter is organized as follows. In Section 4.2, the task configurations, including

transducer mounting (the transducer is assumed to be a camera), robot type, and object in

the scene are described. In Section 4.3, the dynamic modeling and simulation of the linear

and uncoupled robots is presented. The dynamic and kinematic modeling and simulation of a

2 DOF robot arm is described in Section 4.4. Modeling of picture taking and feature

measurement is described in Section 4.5.

4.2. Task Configu rations

This section describes the visual servoing task configurations (i.e., tran:ducer mounting,

robot type, and object in scene). The first configuration describes a 2 DOF system. This

system is then used to simulate 1 DOF systems by restricting relative motion to one of the
degrees-of-freedom.

4.2.1. Configuration 1: 2 DOF with linear kinematics and dynamics

The camera is mounted on a 2 DOF linear kinematic system such as a Cartesian robot, a set

of translational stages, or possibly a mobile robot. The camera is servoed relative to a fixed

line in space to control the relative position between the robot and a line (Figure 4-1) . A line in

space problem is selected because the corresponding sensitivity functions can be easily

analyzed. It is complex enough to be both interesting and useful. The line is assumed to be

fixed in spaced so that

1. The line lies entirely in the plane defined by [X,,Y,]; and

2. ZreI = 0

The camera is mounted to the robot so that:

1. [YCaM] is parallel to [Yo]; and

..
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F o I inch)

Yobl t) Y - - - -o -- -- - obj - rel

y )- - - - -- __

L/X c ain
Z C ainr

XI

X (t): X ob j

YreI~t)r[ IC.I

X r I

zo

[XoY ,zl World Coordinate Frame
[Xcam, YmZcam] Camera Coordinate Frame

I 3 dimensional length of line
0 ob Angle of line relative to X00 0X(t),Y(ti Position of line relative to world

X obj  Position of center of line relative to world
Xrel(t),Yrel(t) Position of line relative to camera

Figure 4-1: Configuration 1

2. [Z'ca] is parallel to [Zo]

The robot is modeled as X-Y translational stages with the Y-stage mounted on top of and

orthogonal to the X-stage. The camera is fixed to the Y-stage. The X-stage controls only x(t)

and the Y-stage controls only y(t). The actuators are armature controlled DC motors with

negligible armature inductance. When the translational stages are orthogonal, the axes are

decoupled. In addition, it is assumed that gravity acts in the Z-axis direction so that

gravitational effects are abscent. Thus, the robot is modeled an uncoupled linear system.

It is shown, in Chapter 5, that when motion is constrained to the X-axis, and the center-of-

gravity of the line image is chosen as the control feature, this configuration becomes a 1 DOF

-. . -.- . - . , .. :. ' ' - - - - - - - - - --. - . , . .- . : -" .- "
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autonomous linear system. When motion is constrained to the Y-axis, and the line image

length is the control feature, then the configuration becomes a nonlinear system. When both

degrees-of-freedom are free, the robot represents an idealized incremental robot system

(Section 2.3.2.1), since the dynamics and kinematics are uncoupled and linear. Thus, the

resulting control structure represents a dynamic "look and move" structure.

4.2.2. Configuration 2: 2 DOF with nonlinear kinematics & dynamics

In the second configuration, the camera is mounted to a 2 DOF nonlinear kinematic

articulated robot arm (Figure 4-2).

I , A ch)

S OobJ =er el

Y0 1

Y o,. . . . .

SY am'n

E )-(( )

I ~) I,

-0 0

r1,r2 Length of robot links
* 01(t)6 2 (t) Link angles

03(t) Angle of X relative to the second link

Figure 4-2: Configura2tion 2.

The line is fixed in space so that:

1. The line lies entirely in the plane defined by (X) t L Y; and

2. ZreI= 0

The camera is mounted so that

0 '- . o- --. ° " " ""+--" ", +
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1. 03(t) is automatically rotated to -[0 1(t) + 02(t)] so that [Yn] is always parallel with
[Y0];

2. [Zca,, I is parallel to [Z0J; and

3. The end of link 2 is coincident with the origin of [Xc mnYcamnZcam]

The robot is modeled as a two linkage arm, with nonlinear and coupled dynamics. The

actuators are armature controlled DC motors with negligible aramature inductanice. It is

assumed that gravity acts in the Z direction so that gravitational effects are abscent.

4.2.3. Configuration 3: 3 DOF with nonlinear kinematics, and linear and uncoupled

dynamics

This visual servoing task consists of servoing a three-dimensional object (described in

Section 4.5.2.2) relative to a stationary camera. The object is placed on a 3 DOF linear
kinemaiic manipulator consisting of the set of X-Y translational stages, described in

Configuration 1, and an additional rotational stage mounted on top (Figure 4-3).

The camera is mounted relative to the X-Y-e stages so that:

1. [Xcam] is parallel to [X.];

2. The plane defined by [ZcamY'cam] is coplanar with the plane defined by [Zo,Y 0];
and

3. The plane defined by [XturnYturn] is coplanar with the plane defined by [XoYo].

The dynamics of this system are simplified by assuming that the inertial coupling and

centrifugal forces caused by the load are negligible. This assumption is justified when the
load does not shift the center-of-mass away from the center of the turntable. The center-of-

mass will remain in the vicinity of the turntable center when the load is centered on the

turntable or has a weight much smaller than that of the turntable platter. The manipulator is

then modeled as a dynamically linear and uncoupled system.

The evaluation of this configuration, in Chapter 7, focuses on the feature selection process,

by evaluating system performance as a function of the coupling index D(JWp) for various

candidate feature subsets. Since D(JWp) is the measure of overall system coupling, system
performance is evaluated at the joint level (i.e., performance of the X-Y. axes). The 3 DOF

-7,
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Z Zcam

Ycam

'I
X can

X(t) T

Z obj YO

0b Y( t)

ORJFCT Z turn," X0

x o Yturn

Ystage

/ e lt) 0X tur n

[X^,Y0 ,Z] World Coordinate Frame
[XcamYcaZIJ Camera Coordinate Frame

a camera tilt (angletbetweenJZ _] & [Zo])
R distance along Lcam]I to [Z'J
h intersection of [Ycam ] with [Z 0]

[X urn*Y ,Zu] turntable Coordinate Frame
[ Xo b¥ z 'bI Object Coordinate Frameob(itY turntable position relative to world

8(t) angle of turntable relative to world
Tobi Transform relating object to turntable

Figure 4-3: Configuration 3
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configuration can be viewed as a Cartesian robot with the turntable, or 0-stage, acting as the

final link (or gripper). The object, which sits on the turntable, is viewed as a tool held by the

gripper. The camera is stationary relative to a world reference frame. The motion of the

object is not uncoupled relative to the world, because radial points on the 0-stage, upon

which the objects rests, are coupled to both X and Y world coordinates. Therefore, J*Jfeat'

and this is not a "look and move" system with respect to the object's frame.4 While the final

position and orientation of the object relative to the world can be controlled, the object path

may not correspond to the X-Y table trajectory, unless the object is centered on the O-stage. It

is of practical importance to be able to control the X-Y-O stage trajectories since their motion

must ultimately be constrained within the boundaries of a physical workcell environment.

4.3. Plant Modeling for Translational and Rotational Stages

The X-Y-0 stage dynamics are modeled in this section. By neglecting dynamic interactions,

each stage can be modeled independently. Newton's Second Law leads directly to the

dynamic equations of motion.

4.3.1. Rotational Stage

The rotational stage (in Configuration 3) consists of a turntable platter driven through a

gear-box by a DC motor with negligible aramture inductance. An equivalent diagram is shown

in Figure 4-4.

The following assumptions are made to develop the mathematical model:

1. Ideal gearing (i.e., negligible backlash, friction, and inertia);

2. Negligible turntable bearing friction;

3. No motor voltage off-sets; and

4. Amplifier (amp) bandwidth (BW) is large in comparison with the motor/turntable
mecahanical BW; thus, the amplifier dynamics can be neglected in the modeling.

The transfer function Gm(s), from the applied voltage ea(t) to the motor shaft displacement

Om(t) is [Kuo 82]

4 This configuration would represent a "look and move" system if the task were configured such that the camera
was mounted and centered on the O-stage, while observing a stationary object.

: ... . .. .. " " " : ::. . . . . . . ..:::::::. . . . . . . . . . . . . . . ..:::::• ....... . . . . . . . . . . . . . .....- .. . . . - .i,
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ea aaa r t (

T.9]

eb(t) back E.M.F. (volts)

Tm mtrt e men in)

RI armature moninrtiac (ohse)

(In motor viscous- friction coefficient (oz. in/rad/sec)
n gear ratio 2/Nt (motor/turntable)

0(t) angular displacement of turntable (radians)
T turntable torque (oz-in)
IL moment of inertia of turntable + load (oz.in-sec2)

Kb hack emf constant (volts/rad/sec)
K motor torque constant (oz.in/amp)

Figure 4-4: Rotational Stage Model

K
GM(s) = S( mS 1) (4.1)

where the equivalent motor gain constant K is
K m

Km- t (4.2)
Raam + KtKb

and the equivalent motor time constant r, is
R I

7 Ralea (4.3)
m R a +KK

and the equivalent inertia, leq, referenced to the motor shaft is

leq In + IL/,2

P71

4
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4.3.2. X-Y Stages

A translational stage (in Configurations 1 and 3) translate3 the load through a lead-screw

mechanism. An equivalent diagram is shown in Figure 4-5.

0 a . e T m e n

ea(t) applied control signal voltage (volts)
amp. unity gain, high BW amplifier

Ra armature-winding resistance (ohms)
ia(t) armature current (amps)

eb(t) back E.M.F. (volts)
" (t) angular displacement of motor shaft (radians)M Im armature moment of inertia (oz-in-sec2)

ILS Lead-screw moment of inertia (oz-in-sec2)
am motor-viscous friction coefficient (oz-in/rad/sec)

p lead-screw pitch (threads/in)
y linear displacement (in)

W not load weight (Ibs)

Figure 4-5: Translational Stage Model

The following additional assumptions are made to develop the model:

1. The lead-screw mechanism has zero backlash and negligible friction; and

2. Stage bearing friction is negligible.

The inertial equivalent, 1w , of the load referenced to the motor is [Electro-Craft 80]W(lbs) XIw =- X.0010417(oz-in-sec 2)

W p2
When the equivalent inertia, l = 1m + 1LS + Iw is substituted into (4.3), the transfer function

model structures for the translational stages are equivalent to the rotational stage model. The

transfer functions Gr.x(S) and Gmy(s), from the applied aramnature voltages ea(t) to the X and

Y axes motor shaft displacements, respectively, are
K

Gmx(S)- = m (4.4)S('m.xs + 1)

..... , ... ... -....
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and

K
Gm'y(S) = Sr(4.5)

4.3.3. X-Y-Theta Stage Parameters

The X-Y-8 stage model parameter values are based on commercially available products

such as the AEROTECH stages used in the Robotics Institute Flexible Assembly

Lab [Sanderson 83b]. The system includes a model 316 rotational (Table 4-3), and two model

416 translational stages (Table 4-2). Each stage is driven by a motor which is equivalent to an

ELECTRO-CRAFT E-508 (62 oz in) DC motor (Table 4-1).

I =0.0015oz-in-sec
2

m

am = 0.00095 oz-in/rad/sec

Ra=3.36 9
Kb = 0.037 volts/rad/sec

K = 5.20 oz-in/amp

Volts(max) = 40

Table 4-1: Electro-Craft E-508 DC MOT'OR

Net-weight = 50 lbs

Platter weight = 10 lbs

Lead-screw type = Steel Ball-screw

Lead-screw pitch = 7 threads/in

Lead-screw dimension = 16 x .55 in

Table 4-2: Aerotech 416 Translational Stage

Net-weight = 29 lbs

Platter weight = 10 lbs

platter diameter = 10 in

gear ratio (,q) = 108:1
Table 4-3: Aerotech 316 Rotational Stage

It remains to calculate the equivalent inertial values for each stage. It is assumed that the

load inertia equals the turntable platter's inertia. This assumption is not critical because of

the linear and uncoupled assumption and the large gear ratio (7 = 108).

The equivalent inertia for the O-stage is
d,

-------------- --------------------

- -
- -*~ ,]
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+ Ieqe=~ +turntabtc-Da.tter long

The platter is modeled as a thin disc so that

IW(lbs)r 2(in) (zi-e2
turntable-platter 48 o-n-e

10Ox(5)2 = 5.208 (oz-in-seC2)
48

Sneload = turntable-platter'

'eq-8 = 0.0015 + (1 /108) 2(2x5.208) = 0.0024 oz-in-sec2  (4.6)

The equivalent inertia for the Y-stage is calculated aiccording to

leq-V = I+ LS + W
The lead-screw inertia is

ILS = D (in)x length (in)x (0.001 1667)2
=(.55)xl6x(0.001 1667)-= 0.0017 oz-in-sec2

For a 10 lb. load, the net load on the Y-stage is 49 pounds [i.e., 8-stage(29) + Y-platter(10) +

load(10)] Thus,
1

Y = 49x-pX0.001 0417

= 0.001 oz-in-sec 2

Therefore,

1 =0.0015 + 0.0017 +- 0.001 =0.0042 oz-in sec2  (4.7)
eq-V

The net load on the X-stage is 99 pounds [iLe., e-stage(29) + Y-stage(50) + X-platter(10) +

load(1 0)]. Thus, the equivalent inertia of the X-stage is,
1

=w 99x-PX0.001 0417.

- 2
4 = 0.0021 oz-ifl sec

Hence,

1 0.0015 + 0.0017 + 0.0021 =0.0053 oz-in-sec2  (4.8)eq-X

Upon substituting (4.6), (4.7), and (4.8) into (4.3), the equivalent model parameters become

=-'C0.041lsec1y= 0.072 sec
Tm-x = 0.091 sec

and K = 26.586 rad/sec/volt, for all stages.

21



4.3.4. Computer Simulation Of Uncoupled Linear Models

In this section, the computer simulation model of the linear uncoupled robots under digital

* computer control are derived. The discrete control signal u(kT) is fed to the motor by a

digital-to-a4nalog.Qonverter (DAC). Thus, the motor input is held constant over each sampling

period T (Figures 4-6 and 4-7).

E)M(to), W-( to)

u~k M V3t e,(t Kin e~t) e t E)(t)

Saturation
Nonlinearity

Figure 4.6: Rotational Plant Block Diagram

e(t. ), W(t0 )

Saturation
Nonlinearity

Figure 4-7: Translational Plant Block Diagram

Saturation in the DAC (and equivalently current limiting to the motor amplifier) is included in

* the simulation. Over the interval [ kT < t < (k + 1 )T 3,the motor voltage is

*u(kT) for Iu(kt)l Vsat
0 e W)=I + V 1 for u(kT)>V 1 (.)

-V~ for u(kT)<-V

In the model, ,V~ is set at the maximum motor driving voltage (40 Volts).

A discrete model of the analog process, which specifies the output at the sampling instants,

is appropriate for the computer simulation. However, it is important to be able to examine the

output between sampling intervals. Thus, the analog output, Om(t), over the interval

0
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[to t<to + T], to a constant step input of magnitude V (volts) applied at to, with initial

conditions Om(t o ) and wm(to), is derived. The motor speed, wM(t), is also derived so that the

initial speed can be determined at the start of each sampling period.

The transfer function in (4.1) represents the differential equation

'rmm + m = Kmea(t)

which can be written as two scaler state- space equations:

8 m = m (4.10)

W m  1 =(-./r)€ m + (Km/irm)ea(t) (4. I1)

where the input ea(t) = V for to<t<to + T. The solution to the system in (4.10) and (4.11) is

Gm(t) = 6,(t o) + T m[W(to)-KmV] ( 1-e*(t'to)/Tm ) + KmV(t-to) for to<tt + T

and

Wm(t)= Wm(to)e(tto)/Tm + KmV( 1-e(tto)/m)

If the motor displacements for the turntable, X-stage, and Y-stauje are 0 m9 , o,~nx, and 8m-y'

respectively, then

1
X(t) = - 0 m.x(t) inches

Y(t) = - y(t) inches
27wp m-y

360.0
8(t) = - .q(t) degrees

2wij

4.4. Plant Modeling for 2 DOF Robot Arm

A 2 DOF articulated robot arm is modeled in this section. The arm is actuated by DC servo

motors which are mechanically coupled to the link joints by gearing mechanisms. (Figure 4-8)

The motor for link 2 is mounted at the rear of link 1 to act as a counterweight. The motor for

link 1 is mounted in the stationary base.

The following assumptions are made to derive the dynamic model:

" ~ ~ ~ ~ ~ ~ ~ ~ . . . . . a, ,'° ." ' -"° - -" -=- •-ob . ., •tb - " - . . . . . .h "
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Lin 2

Motor for Link 1

Link I

Motor fr Link 2

*Stationary Base

Figure 4-8:2 DOF Robot Arm

1. Links 1 and 2 are modeled as thin rigid rods of lengths r1 and r2, and mass mr1
and mr2, respectively;

2. Any payload (including a camera) is modeled as a point mass, mp2, at the end of
link 2;

3. The gear box coupling for link 2 is modeled as a point mass, mpt, at the end of
link 1;

0 4. The counter-weight (motor) is modeled as a thin rigid rod, of length r /k5 and

mass mc, at the rear of link 1;

5. There are no off-sets between links;

6. All gearing is ideal; and

7. All bearing friction is negligible

This simplified geometric arm model facilitates development of the mathematical model. The

5 The counter-weight length is defined as a fraction (1/k) of the link length to facilitate derivation of the dynamic
equations in Appendix B.

-..

.'.,' +.. : .:..- .. ,. -. . ... , . . -....- . .. ,..+ •...,' '. , . .. ., -. .. .,...:..
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model results in a nonlinear dynamic system which exhibits the Coriolis, centrifugal,
gravitational, and inertial coupling torque components present in a real arm.

4.4.1. Kinematic Equations

The arm kinematic equations describe the motion of the arm in Cartesian space. These

equations are required to derive the arm dynamics and image transforms.

A coordinate frame diagram of the arm is shown in Figure 4.9.

Yo,

x2
YZ

z 2
r 2

Y1 
"

7xo

Xo

Zo

Figure 4-9: Arm Coordinate Frames

Each link, including the base, is assigned a Cartesian coordinate frame in accordance with
the Denavit-Hartenberg convention [Denavit 55]. The coordinate frame associated with the
reference base, [XoYoz], serves as the world coordinate frame. The frames associated
with links l and 2 are [X,Y 1 ,Z1 ] and [X 2 ,y 2,Z2].

The position of the end of link 2 with respect to the world frame is derived. Let

T = homogeneous transformation describing the position

AZ'" : . :: . .. :: . ' + " '" . .. . • " " "" "- "" ' " " " " "
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of link jrelative to the world framne, and

Ai homogeneous transform describing the position
of link i relative to link i-I1 (where link 0
corresponds to the reference base).

* Thus,

1. A 2**.Ai

* For the two DOF arm,

C1fr 1 0 rAC' 2 0 r2S1

A, SI C1 0 rS, A2 1S 2  -S2  0 r2C 2

where
G- cos( oi)
S .'sin( Gi)

* Thus,

C S 0 r C +rCl12 12 r2 S12  1
T2 =A 1A2 [ 12 C12  2 2 12+r1S11 (.2

where
C.*cos(O1 + 0.)
S1.=sin(O~ + O0)

From (4.12), the rrobot positions are

X(t) = r2cos( 0,(t) + 02(t) )+ rcos61()

II

4.4.2. Rigid Body Dynamics

The dynamic equations for the manipulator are developed, in Appendix B, using the

Lagrangian formulation. The dynamic nmodels for the two revolute joint angles 0 are.

F,=0 0+D 0+D 0 +D 0+D (4.14)
1 1I 1 12 2 112 1 2 122 2 1

F-D O+D * + 1 2  + D (4.15)
2 12 1 22 2 211 1 2
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where
2,,  m rn2 +m ri-2rr ]m r2
23 k P 1 1 2r2+p2r r22 +mp2 p2 2

D 12 =mp 2  r2 r2r2 C2 [-f+mp213 2
D112=- 2rIr 2 S2 [--2 + mp2 ]

o, 2 2 = r"r2S 2 [ + mp2 ]

D1 =g{- '+MP, rS+ !2S2 + r1S, Iinr 2
+ [r 2S, 2 +rISi111p 21

022 = 3m2 +P r2]r

D21 1 =rrS1-2-f2P.m 2 ]

D02 = gr 2 S 1 m p2 + r2

In the simulations, the gravity torques, D I and D2' are set equal to zero.

4.4.3. Actuator Dynamics

The link torques F, and F2 are related to the actuator dynamics. The DC motor actuator for

the ith link is modeled Figure 4-10.

The motor torque F ni driving link i is

Fmi = Kti(eal-Kbi mi)/Rai = lmi'mi + Gmibmi + Fi/ ih.

so that the link torque F, is

Fi ai bi mi mi i mi7mi miR ai

In terms of the link displacement, 0. = 8 /q., the link torques areSK 2d 2d ..

'F 1 = _-M(e a171 K -b l 1 -' 1 li t I 1 (4.16)

at

and

K 2j 2  2
F2 = (e a27 2 K )b172 "a2'12 2' 1m2172 2 (4.17)

Q"a2

,
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R~j Li

emj Am bF 

t1 
C j

eai(t) applied control signal voltage (volts)
al

amp. unity gain, high B.W., high impedance amplifier
Rai armature-winding resistance (ohms)

iai(t) armature current (amps)
ebi (t) back E.M.F. (volts)
Omi(t) angular displacement of motor shaft (radians)

Fn motor torque (oz-in)
h171 armature moment of inertia (oz-in-sec2)
fil motor viscous- friction coefficient (oz-in/rad/sec)
q, gear ratio N2 /N, (rev, motor/rev, turntable)

Of(t) angular displacement of link (radians)
F. link torque (oz- in)

Kbi back emf constant (volts'rad/sec)
Kti motor torque constant (oz-in/amp)

Figure 4-10: Robot Actuator

4.4.4. Robot Arm Parameters

In this section a manipulator is designed for the model structure assumptions specified at

the outset of this section. The mechanical structure is assumed to have the following

dimensions and weights;

* Maximum payload = 5 lbs. (1 pound of which is the camera)

0
* Link lengths r, = r2 = 17 in.

* Weight of link 1 = 7 lbs

* Weight of link 2 = 5 lbs
0

* Weight of gear-box = 1 lb

The motors and gearing are selected according to the design criteria:

1. Maximum individual link speed = 180 cleg/sec = v rad/sec

0
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2. Maximum individual link acceleration = 1800 deg/sec2 = lOr rad/sec2

3. Minimize motor energy dissipation while keeping the gear ratio 7i small enough to
reduce gearing backlash and friction.

The design steps are outlined below, and are performed for each individual link, under the

assumption of negligible dynamic coupling:

STEP 1: Find the torque (T required to achieve the maximum specified acceleration

for the maximum payload at the maximum link inertia.

STEP 2: Find the maximum torque (Tmax.g) required to hold the maximum payload against

gravity.

STEP 3: Specify motor torque requirements:

4 1. The peak motor torque, Tpeak = (Tma acc + )/

2. The continuous motor stall torque, TstalI T / qsalmax-g

3. The peak motor speed as 180ail deg/sec = 30.,q RPM

STEP 4: To select the gearing, choose a motor (which is anticipated to satisfy the torque

requirements in Step 3) and set
1i = (LDii-nominal/'m)1/

where Dii.nominal is chosen as a nominal value of the link inertia. This selection for -q minimizes

the energy dissipation in the motor and maximizes the power transfer to the link. For this

design, choose Dii nominal as the average of D.. evaluated at the maximum five pound load and

no load operating points. To evaluate D1, it is assumed that 82 = 45(deg). If ii is too large

(e.g.,i>35)), then it can be reduced by a third with only a 17% increase in motor

dissipation [Electro-Craft 80]. Finally, check if this motor/gear combination satisfy the motor

torque requirements in Step 3.

While ther are numerous motor/gear combinations which will satisfy the stated

requirements, the following additional guidelines are used:

1. Maintain q<35 to minimize backlash, friction, weight, and cost: and

2. If possible, allow for a safety margin in the peak and stall torque ratings.

.- , , . . .--.-I. -., -. . ., , - .• . . • .. . .- . . .. ., .-. ., ...., . -., ..-...: -..-..., -.

"" " " -"", - -"-? " " ' ." " " - ."' '- " ." '' . ," . . " .-" - , .- , .-. . . ,. . ''-'-""''' .. " "," ".'
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Before proceeding, the weights are converted to mass according to
m=W/g

The units for g and W are selected so that the torques are specified in units of oz-in. Thus,
W(lbs)1 6(oz/lb)

32(ft/sec2) 12(in/ft)

W(Ibs) (oz/in/sec2 )

24
and

mr1 =0.29167
mr2 = 0.20833
m - 0.04167

PI
mp2 = 0.20833 (with 5 lb. load)
m2 = 0.04167 (with 1 lb. load)
m c = (to be determined in motor selection process)

The motor selection process proceeds backward from the last link.

4.4.4.1. Motor 2 Selection

Step 1:
2D22 = (mr2/3 + mp2)r2

D22-max 80.27 oz-in-sec2

and

Tmax=acc 0 D 22. 0max

-2522 oz-in

Step 2:

T 2 = gr2S12 (mp2 + mr2/2)

T = 2040 oz-in (with a 5 Lb. load)max-g

Step 3:
Tk/ 2 = (2522 + 2040)h/2 = 4562/2 oz-in

Tstal/712 = 2040/'42 oz-in

71 X peak motor speed = q2 -30 RPM

Step 4: Before calculating the gear ratio, it is noted that the effective inertia of motor 2
includes the armature inertia and the non-negligible inertia of the motor-to-gear shaft

0o

- -. -
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coupling. This shaft is modeled as a 17x3/8 in round steel shaft. Assuming the density of

steel is .28 lb/in3 , the shaft weighs .52 lbs (which is assumed to be included in the net weight

of link 2). Thus,
tshaft =.mshaftrshaft

= 0.00038 oz-in-sec2

To meet these requirements, ELECTRO-CRAFT 660-E motor is selected (Table 4-4).

Im = 0.032 oz-in-sec2

a =0.0065 oz-in/rad/sec

R =2.15 Qa

K 0. 24 volts/rad/sec

Kt =34.19 oz-in/arnp

Volts(max) = 43

Weight = 6 lb. 2 oz. (mc = 0.2552 oz/in/sec2 )

length = 5.5
Table 4-4: D. C. Motor E-660

This motor is over-rated for the peak and stall torque requirements, but a smaller motor would

require a significantly larger gear ratio. This motor is chosen to achieve a reasonable gear

ratio, while its added weight serves as a counter-weight.

The link inertia with no load is

D22 = 20.07 oz-in-sec2

and, the nominal link inertia is

(80.27 + 20.07)/2 = 50.17 oz-in-sec2

The nominal gear-ratio is

'Q2 = (50.17/.03238)1/2 = 39.36
and, reduced by 33% is

=26

4.4.4.2. Motor 1 Selection

Step 1:

2 + r2"E1r "m r2 n + M r2+--- + M +M r+2r r2C 2  p2"l+ +
3k m +mr2 +m m 2 J r 1 2  

p2 2
Dl -3 3kz  2J 3

D11.max =424 oz-in-sec2

and

6 I

* .*. -.
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T ~ ~ , -ac D mx =lx13322 oz-in

* Step 2:
rm m ~ r 2 11

Tg,~D=1~L~p -2sr2 +L- +r 11 1  r2 21I2 r1 p2
2 2k 11 2 12p2)rS rS m

=2723 oz-in

Step 3:
T Tpeak =(13322 +2723)/i, =16045h1 ,l

stall" 2723/n1,

Step 4:

D I1I-full-load =371 oz-in sec 2(at 6 45 deg)
D1-ola =166 oz-in sec 2 (at 0 45deg)

thus

D nominal = (371 +i 166)/2 =269 oz-in-e
* To satisfy these requirements, Electro-Craft motor E-701 is selected (Table 4-5).

Kt= 40.77 oz-in/amp
K b =.288 v/rad/sec
Ra = 2.6 P
1I =U.1 oz-in-sec2

am= 0.048 oz-in/rad/sec
Volts(max) = 46.8
Table 4-5: D.C. Motor E-701

The nominal gear ratio is
(6/. 1/2518

and reducing by 33%
0 11135

4.4.5. Computer Simulation of the Robot Arm

The differential equations (4.14),(4.15),(4.16), and (4.17) define a fourth order coupled

* nonlinear dynamic system. The simulation uses the IMSL [IMSL 821 Fortran library routine

-. "OVERK" to numerically solve these equations. The routine is a sixth order Runge-Kutta

algorithm with an automatic variable integration step size.

* To implement the algorithm, the dynamic equations are represented as the system of first-

*order diifferential equations .&= Fl)M, where j = [X,,X 2 ' X3 X 41 are the state- variables. DVERK
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produces estimates of Xi(to + Tint) from X(to). In the simulation, Tinc is set to T/nk (nk integer)

to exhibit the output between sampling instants. (The integration step-size is typically much
smaller than T.nc and is automatically adjustea in OVERK to minimize the estimation error.)

The system is represented in state-variable form according to the following assignments:

x1 !I1
X =8X 2 81

3 .2

Thus,

.x =X
2

3 X4From (4.14),(4.15),(4.16), and (4.17)

F, = D1 1 )X2 + 0 12 X4 +0 1 1 2 X2 X4 + D 122 X42 +0 1  (4.18)
F2 = D 122 + D22 k4 + D211 X22 + D2 (4.19)

FI = 1-U-eaiq 1 -K bI 12 2)- 7'12X -11Q2I (4.20)2~ 12 22 1 2 2 ,
K2 2 2'

F 2 = Ra2(ea 2712 Kb 2112 X4)-a'2q2 X 4 -1m2n2 X 4  (4.21)
a2

To simplify the notation let
Q K " L (eal "t Kb11Q 2X2)' 112x2

R al b'

and

K
Z-R (ea2r2" K 712

2X4) -a2 2
2 X4

a2

where e. is defined in (4.9). Equations (4.18),(4.19),(4.20), and (4.21) become

0=(D +1i 2 )kX+D k +D X X +0 x 2 +D (.211 m11)2 12 4 112X2X4 1224 1 (4.22)
Z=(D 22 +1 2 1 2

2 ) k4 +D 12 ) 2 +1D211 X2
2 + D2  (4.23)

Upon solving (4.22) and (4.23) for k2 and k the state model is:

(1 = X2 (4.24)

16 2 12 22

Xk = X (4.26)

*4= 1De Z~[.122-DX42-D 1 X X D01 -D 1 X 2 D2  (4.27)le4 2e'12 A De 1

where
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";". D e =D D 1 - tl2

D2e 022 +

During hierarchical control either links 1 or 2 can be braked. These cases are simulated as

follows:

Case 1: link 1 - free and link 2 - braked

Equations (4.18) and (4.20) reduce to

F, =DI1 +D I

and

so that

x 2x1 =  2

2 -D
2

X =0

4 =0

Case 2: link 1-braked and link 2-free

The state-space model becomes

X =0

X =02
x3 = X4

Z-Dx 4= D -

The computer simulation of the robot arm is depicted in Figure 4-11.

4.4.5.1. Linear Model

During initial analysis of IBVS, it is useful to model the arm dynamics as an uncoupled linear

system. The MRAC controller's ability to adjust to the nonline,-r feature gains can then be

evaluated independent of the nonlinear dynamics. An uncotupled linear model is obtained by

assuming that all the coupling terms in (4.14) and (4.15) are zero, while D.. is evaluated at the

operating point. (Di is set to zero since gravity is not modeled in these simulations.)

.. .... ... .. . .. . .
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saturation FX

Figure 4-1 1: Arm Simulation Block Diagram

Equations (4.14),(4.15),(4.16), and (4.17) reduce to

R (ai i* bg i mII i' ili gg

al

To apply the linear model routines developed in Section 4.3, the displacement of the i th link,

olis converted to a motor displacement according to, and 8 i = Mi.q
K. i~ -ilK ij.8b .)-amil .1 .i il r - D..O i ,q
Rai

The corresponding transfer function G Mi(s), from the applied voltage to the motor shaft, is
K.

5('T .5+1)

where

.KK
ai mall ti bi

and

6D, 1ie I Mi + D ii/?j1
2

.
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4.5. Modeling Picture Taking and Feature Measurement

In this section, a model for the vision system described in Chapter 2 is developed. Tile

transduction process (or camera and image) are modeled by defining image transformations

which map 3-dimensional object coordinates into 2-dimensional image points. The image

* intensities are assumed to be binary, and image point coordinates are considered to be

analog. Image feature measurements are then derived from the image point coordinates. The

* dynamics of the transduction-to-feature extraction process are modeled by a unit delay (i.e.,

- nd = 1 Section 3.3). Various time delay durations, and thus sampling periods T, are simulated

to evaluate the effect of different sampling-to-bandwidth ratios. A measurement noise model

(which can represent transducer quantization, thresholding effects, and lighting noise) is also

included.

4.5.1. Image Transformations

The camera is modeled by defining a transformation which maps 3.dimensional object

coordinates into 2-dimensional image coordinates. To perform this transformation, the

camera is modeled as a pinhole lens, with an image plane lying at a distance F behind the

lens [Duda 731. To produce a non-inverted image, a frontal image plane. defined by [XcanZ

cam1 is assumed to lie at a distance F in front of the lens. Thus, [Ycam ] defines the optical axis.
This camera model defines the perspective transformation,

Tp = 1 00
00 10
01/F 01

For a three-dimensional object point (Xrei,YrelZrel) measured in the camera coordinate frame,

the corresponding two-dimensional image or picture coordinate (Xpi,Y ) is specified by the

homogeneous perspective transformation

[1 oo[I [ rel 1
0 10 eY = re |

01/F 0 l+Yre /F

Thus,

XrelXPic =1+y Yrel/F

and

. . , - . . -N . . .. - . . . --,
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ZP. = F (4.28)
c I + Yrel/F

The picture points are normalized to the dimensions of the image plane so that the f .atures

(derived in Section 4.5.2.1) are dimensionless. If it is assumed that the image plane (e.0 . film,

or ccd chip) is a square with sides of length equal to 'ret'6 , then (4.28) becomes

Xp .- X /retPic Pic

Zpic-Zpic/ret

The focal length, F, is adjusted so that the largest object dimension occupies approximately

25 to 33 percent of the image in the desired view. This allows for a margin of motion of the

object within the image during control.

4.5.2. Feature Transformations

Image features are derived from the idealized non-distorted two-dimensional image points
(Xp ,Z ). Image distortions, which can arise from the numerous factors noted in Chapter 2,

are difficult to model and vary, widely with lighting conditions, transducer resolution and

linaarity. These distortions are manifested as measurement noise and limit the system

accuracy, dynamic performance, and relative stability. To evaluate characteristics of IBVS

control under noisy conditions, simulations are performed in Chapter 5 using additive

measurement noise. Noise modeling is included in Section 4.5.2.3.

4.5.2.1. Two-Dimensional Line

Two features are derived for the line in space simulations (for Configurations 1 and 2).

According to the configuration specification, the perceived angle of the line's image remains

constant, and only two features can be obtained from such a binary image:

1. length of line -I andength'

2. X center-of gravity of line- Xcog

These features are derived as follows. The position of the center of the line (Figure 4-1)

relative to the image plane is (Xei'Yre). The end-points of the line (Figure 4-12), measured in

the camera coordinate system, are

6 In the simulations, ret =0.25 inches (e.g., approximating the dimension of a typical CCD device such as the
Fairchild CCD21 1).

" 4 - - . - -. -..
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(X1 Yl) =(fXre + .5 lcosO gejil[yrel + .51 sinOre])

(X 2 , 2 ) ~X1 .s ICOS ]4 j~ sin 1 ])(4.29)

From (4.28) and (4.29), the perceived line length is

Iength = Pic- I' pic-2
4F1 0 (F + Yre)cosOle-x resinGre

-e .... +. )2_l gel re rel (dimensionless) (4.30)
ret~ ~ re 4(0 1

2 .liG

and, the perceived center-of -gravity is

x +x
X = pc-I % c-2

cog 2

F 4X (F+Y )-Il o coso
- rel iel 0 rel rel (dimensionless) (4.31)

ret 4(F + Y red2_(l 0sinGe )2

It remains to calculate Xrel Yrel' and Ore as a function of the object and robot positions. For

the Cartesian systemn (Figure 4-1):

X (t) = X -X(t)

Orel =aobi (4.32)

* For the articulated arm (Figure 4-2), coordinate transformations are used. The basic

* transformation is
T 2T cam Trel Tobi (4.33)

where
-T2 = end of arm relative to world

Tcam = image plane relative to end of arm
T rel line relative to image plane
T ob=line relative to world

From (4.33)

T, T T-1 T (4.34)
rlTcam 2 obi

* T cam is specified by the assumptions of Section 4.2.2 to be a rotation about the Z axis of thle

arm. Thus,

Tc 12 012 00 (.5

I0 0 01

0
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Ycam 1 (XiY )

Yrel - - -- 
e Iel

(XzY 2 ) ,/

'1'l

Tp 
C mX p lc tX 

c am

F 
X r e l

Figure 4-12: Line-Image
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and

-1 'S1 *l 0 0]Tm= 12 012 0

10 0 10
L0 0 01

Since T2 is defined in (4.12),

T 2-S12 0 -(rC2+r2)
2 12 012 0 rl 2

0 0 1 0
0 0 0 1

Since

-O01 so obi0x b
oC0 obi Xobi= b Ybj obj |

0  0 1 0
0 0 0 1 J

then according to (4.34)

CO obj 'S0obi 0Xobji( 2 I
rcoobi -SO 0 X ob(r 2 C1 2 +r 1 S

0 0 1 0i)Sobj ob obj

0 0 1 0
Hence

Xrel(t) = X b-[r2cos ( 1(t)+ 02(t)) + r1 coso I(t)]

Y re(t) = Ybj [r 2sin(O 1(t) + 0 2(t)) + r1sinO,(t)]

0 reI =0 obi  (4.36)

During the simulation experiments, three conditions are evaluated to assure that the derived

features are valid. The conditions determine if the line is:

1. In front of the camera (or image plane);

2. In the field of view; and

3. Not hidden (it is assumed that only one side of the line is visible)

If any of these conditions are violated, then the experiment is terminated. The conditions are

evaluated as follows:

Condition 1: true if (Y1 or Y2) > 0; else false

I

--_ . - :- . . . . .-. . i . . . ... .- . .- . - . - . - - - ....
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Condition 2: true if IX 1 or IX Il< ret/2; else false~~~~~~~pic. tI ortpic.21 e/; es as

Condition 3: true if 9 rel < arctan(Yrel'X el); else false. (4.37)

4.5.2.2. Polyhedral Objects

The third configuration uses convex polyhedral objects for the control tasks. Each object is

defined by:

1. Labeling it's constituent vertices and identifying their coordinates in the object
coordinate system; and

2. Defining the object planes by assigning to each an ordered listing of the
bounding vertices.

Three objects (a cube, pyramid, and wedge) are shown in Figure 4-13.

"q z obZ obj _ Y obJ

Yobl

(000. .06.0

0 )_4

(-.5.0.0) (.5,0,0) (0.0.0) (1.0.0)

(Units are in Inches

Figure 4-13: Objects

For each visible object plane, two features are obtained:

1. Perceived area of the ith plane - Area.i; and

2. Perceived X center-of-gravity (or centroid) of the ith plane- Xcog.i

These features are typical of those extracted from binary images, in commercially available

systems, following image segmentation. It has been suggested that such features, which are

based on integral or summation operations, are preferable for visual servoing applications,

since these operations attenuate signal noise [Hasegawa 771. Feature selections, which can

include both linear and nonlinear combinations of the extracted features, are presented in

Chapter 7.

Each object vertex is transformed into the image plane as follows: A point defined in the

object coordinate system is defined by

4
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VOw= (X obY Z obiZob' 1 )T

And it's position relative to the frontal image plane is

Ve =(XYre Zl'Zel)T (4.38)

Then,

Vrel =TT .obi-V obi

where the homogeneous transformation Tt defines the position of the turntable coordinate

system [Xtu m, Y turnZturn], relative to the camera's coordinate system [XcamY camZcam], The

position of the object coordinate system, relative to the turntable coordinate system, is

defined by Tobi. Then, Tt is found by the following transformation:

X,x(t)
Tt = TRANS[Y,R]"ROT[X,,K]-TRANS X,y(t) -ROT[Z,O(t)]

Z,-h

O(t) .SO(t) 0 x(t)
* SO(t)Ca CO(t) -Sa y(t)Ca + hSa + R

SO(t)Sa C8(t)S8 Ca y(t)Sa-hCa
0 0 0 1

If the object frame is referenced to the turntable by translations in the X-Y-Z directions

corresponding to (Px,P y,) and oriented according to the Euler convention by (cp~e,4') [Paul

811, then

c-CsCe-SqStI *CqCeSSpC4 CpSe P]
Tobi=sqCeCI, + Cq)S4 -SqCeS4, + CqCO SIPSe Py

-SeCP SESp Ce Pz
0 0 0 1

Finally, VreI is mapped into homogeneous image points V via the perspective transformation,

T p, according to

=Tp*TtTobi - (V VYs)T
oi obi x'Y

Hence,

Xpic Vx/S

Zi =v /SPic Z
* In addition, the image points are normalized to the image plane size ('ret') according to

X. --X. /ret
*Pic PicZPic'-Zpic/ret

Once the object planes are mapped into object image planes (by finding the perceived

vertices), the features are calculated. The image plane is either a quadrilateral or triangle

(Figure 4.14). The area and centroid of the triangle are (Kindle 501

,' * -, * ._ • • . . , *, , . ,, ." • , , ,, . . ". - .-. . ", "- " ., . • . - ., . " . * , ." . " .
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z

(X2 , Zz)

z
A (X, , Z1 )

(XD (XaZz

x

D X 4+x4Cx
xx

cog 3
The area of the quadrilateral is given by

A raO.5(XZ 2 + X2 Z3 + XZ 4 +XZ -X 1Z-X Z 3X3 2 X2 1)

The centroid of the quadrilateral can be determined by the following algorithm [Marks 78]:
The quadrilateral is divided into two sets of triangles by means of the diagonals

(Figure 4-14). Find the centroid of the four triangles belonging to the same set. The
intersection (if these lines will be the centroid of area. Thus, in the figure, 0,01
02' and 0 3 are, respectively, the centroids of the triangles ARD, ABC, 600, and
ACID. The intersection of 0103 with 00 give the centroid.]
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In accordance with the line example, the three conditions in (4.37) are evaluated for each

plane, during the simulations. to assure that the features are valid. If the ith plane image

features are sought, the conditions are:

Condition 1: true if YreI (for all vertices comprising the ith

plane) > 0; else false
Condition 2: true if IX .cI and IYc I (for all vertices

comprising the ith plane) < ret/2; else false
Condition 3: Each object plane is defined

by assigning to it an ordered listing of the bounding
vertices. Specifically, the vertex labels are specified
in a clockwise ordering. In 3-dimensional space, when
two connected edge vectors of a plane, whose head and
tails are defined in a clockwise fashion, are cross
multiplied then the magnitude of the resultant vector
has a positive sense according to the "right-hand"
rule. If the plane containing these edge vectors are
rotated or translated out of the field of view, then the
perceived sense of the original defining vertices
would be counter-clockwise and the vector cross-product
of the perceived edge- vectors would have a negative
sense.

4.5.2.3. Noise Signal Modeling

Single DOF simulation studies (in Chapter 5) include additive feature measurement noise.

The noise signal is modeled as zero-mean white-noise having a uniform random distribution

(Figure 4-15), which is scaled by the factor to produce a specified signal-to-noise _atio

(SNR).

iI Aoe
-0.5~ o,0.5O X

Figure 4-15: Scaled Distribution

The noise signal, n(k), is generated according to

n(k) = a[RAN(k)-.5]

where RAN(k) is the TOPS-20 Fortran library routine which generates independent samples

•0" .. . . . . . . . ..,. -.., -. ,,: .. -.- -' -..,' . . .' ' - " -." ."- 2" -- i" - ' "

I :-'.:*.-- .:: .,i: - ,:' :'' ;;,.:':': .:'...- ;,..-. - - ;- * -- ,-.-.- - - " , ' ", "-"• " ' " -"
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from the uniform random distribution. To determine a, the SNR is specified with respect to the

average power of a step function signal:
s 2 = (reference signal- initial value)2

Thus,
S2

SNR = 10 log - (4.39)
ax

where ax02 is the variance of the noise, and for a uniform distribution

a 2 = a2/12X

Hence, for a specified SNR, the scale-factor is

a 2 = 1 2 . 1 0 ( logs 2snr/10}

4

4.6. Summary

In this chapter, visual servoing tasks are defined for evaluation in subsequent chapters.

Mathematical models of robot kinematics and dynamics, picture taking, and feature

transformation, which are required for task simulations, are also developed. rhe tasks vary

from control of 1 DOF to 3 DOF systems, and are summarized in Table 4-6. The task

configurations are selected to facilitate the IBVS evaulation of progressively complex

dynamics, kinematics, and image feature transformations, and will help to understand the

relative contributions of each to the control issues. While these configurations have limited

degrees.of-freedom, which may be useful for some practical tasks, their models may be

considered representative of more general configurations. It is believed that the results

obtained with these examples may then be applied to more general cases.

4

4 -
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Name Robot Type/Task Model Derivation

12 IIF with Iin.,ar uncoupled
dynamics anti k inematics
(evaluated in Chapter 6). or ofju tinN nto:Se in4.1

Lonfiguration I I F)OF by constraining motion (niuto eiiin eto ..
to one axis Robot Model: Section 4.3.2

(Figrue 4-1) (evaluated in Chapter 5) Feature Measurement: Sections 4.5.1.

$Control position of a mobile 4.5.2. and 4.5.2.1

camera (fixed to robot end-errector)
relative to a fixed line in space

12 IlOF with nonlinear coupled

Configuration 2 dynamics and kinematics Configuration Oefinition: Section 4.2.2

Fijti 12 (evaluated iii Chapter 6) Robot Model: Section 4.4

-Control position of a mobile Feature Measurement: Sections 4.5.1.
camera (fixed to robotU enil-effector) 4.5.Z. andi 4.5.2.1
relative to a fixed line in space

-3 liOr with I iii-ar uncoupled
dynamics, and a combination of 2. ofgrto eiiin eto ..

Cniuain3 planar Cartesian with 1 rotationa CI fgrto eiiin eto ..
Co~iurtin IOF Robot Model: Section 4.3

(Figrue 4-3) FaueMaueet etos451
* ~~~Control position of a mobile Feature Mesrmn:Scins 4..1.2

polyhedral object (fixed to robot)4.2.al4522
relative to a stationary camera

Table 4-6: Configuration Summary
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Chapter 5
Evaluation: One DOF Systems

5.1. Overview

rhe purpose of this chapter is to evaluate SP MRAC adaptive control of one DOF linear and

nonlinear systems. The evaluation analyzes examples which are relevant to the two and three

DOF visual servoing tasks evaluated in Chapters 6 and 7. While single DOF IBVS systems may

be useful for specific robotic applications, these results serve to help understand MRAC

control of nonlinear IBVS systems, and as a guideline for implementing and evaluating higher

degree-of-freedom systems required for visual servo control.

The chapter is organized as follows. In Section 5.2, MRAC is introduced for the control of a

simple motor positioning system. These examples are then used for:

* Verification of the basic FP and SP MRAC algorithms developed by Morris and
Neuman [Neuman 80] for constant linear systems, and

•Verification of the algorithms which include a measurement delay (Section 3.3)

In Section 5.3, IBVS feature feedback is introduced, and

* Extends SP MRAC control, with delay, to include a constant feature sensitivity
gain, and

*i • Demonstrates the superior noise filtering performance of the fixed LMFC
controller relative to MRAC control.

In Section 5.4, control is extended to include a nonlinear feature sensitivity gain, and

* Demonstrates the stability of SP MRAC control for this nonlinear system,

* Evaluates position response when the controlled signal is nonlinearly related to
position, and

* Includes a performance comparison of MRAC vs. Fixed LMFC control, which
demonstrates superiority of the adaptive approach at smaller system bandwidth's
and the superiority of the fixed approach at smaller sampling-to-bandwidth ratios.

0
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5.2. Baseline MRAC

The purpose of this section is to verify the SP and FP MRAC algorithms (derived in Chapter

3), for systems with and without measurement delay, by simulating a simple motor positioning

control task. The position of the Y-translational stage (Figure 4-7), which is measured

directly, is the variable under control. The examples included in this section focus on the SP

MRAC, since this controller is used for all subsequent IBVS control. While the FP MRAC

exhibits faster tracking of the reference signal (without a delay), the SP MRAC is selected for

IBVS control for the following reasons:

1. Relative to the FP reference model, a SP reference model reduces the high
frequency gain of the feedback path, reducing the noise amplification.

2. In contrast to the FP MRAC's deadbeat response characteristic to recovery from
control signal saturation, the SP MRAC is not susceptible to deadbeat.

3. While the relative stability of the FP MRAC is susceptible to control signal
saturation, the SP MRAC is not as sensitive.

4. The SP MRAC requires a smaller control penalty with measurement delay.

The Y-translational stage dynamics represent a constant linear SISO system. For this type of

system, the MRAC algorithms are verified by showing that the identifier (3.4), (3.5), and

(3.6) can perfectly identify the plant parameters, and by showing that:

1. For FP MRAC, without measurement delay, there is perfect modeling following,
when eID(k) = 0, according to (A.14). It is also verified that relative stability with
this type of control is susceptible to control signal saturation.

2. For SP MRAC, without measurement delay, the FP error is a filtered identification
error according to (A.23). Slower tracking of the reference model occurs when
identification errors exist. The SP MRAC, however, is not as sensitive to
saturation.

3. For FP MRAC, with measurement delay, a control penalty is required for absolute
stability according to the root-locus analysis in Figure 3-6.

4. For SP MRAC (with measurement delay), a control penalty is required for relative
stability according to the root-locus analysis shown in Figure 3-8.

The discrete open-loop plant model is calculated below for comparison with the parameters

estimated by the identifier. The open.loop system gain (in Figure 4-7) is

K =KM----*SF = K =(26.58) (100) = 60.43

-. . " 4 -. . .. . . ....'-- ..- . . .. -" .- . -.- ." ' - -.. ., - ..



123

when the scale factor SF (Section 3.6.3) is set equal to 100. The analog model (4.5) of the

process under control becomes

60.43G(s)=
s(.072s + 1)

and the corresponding discrete model of is

W plZ 1)  =b lz ' l + b~z 2  
-

1-Ta 2 z'2

where

a =1+e "T/ -'=.072
a =-e

T/-r

b -(KT 2)(1-T/T--e "T / ) K =60.43
S 2 )(1 -T/T eT/,)b2  (KT"-) -e -T/l- e' )

Since the plant dynamics has real poles (i.e., at z = 1 and z = .632), there is no upper-bound

constraint on the sampling period selection. The sample period is selected as T = 0.033 (sec)

to correspond to the period used in initial IBVS simulations. For this sampling period, the

actual parameter vector (A. 10) becomes

= 1.3945 .3387 1.63235 -.632351
T

5.2.1. MRAC Without Measurement Delay

In the first set of experiments, the MRAC algorithm for systems without delay (i.e., nd =0) is

verified. The controller parameters, listed below, are empirically selected (according to the

guidelines in Section 3.6) and the controller algorithm is implemented according to:

1. Control signal (A. 12).

2. The identifier, (A.15),(A.16), and (A.17), uses second order-estimators (i.e., for a .

second-order plant) with a weighting factor X = 0.85 . In the first trial of each
experiment, the estimated parameter vector is initialized to

A

#i(0) = [10 10 1.1 .1]
T

which represents large gains and fast poles so that the system is not forced to
start out too fast, causing overshoot. The adaptive gain matrix is initialized to

P(0) = DIAG[10 10 80 80]

and reset with a threshold of

Pthresh = 2500
A

Each experiment is repeaKed, for a second trial, with f_(0) and P(0) initialized to
the steady-state values of /. and P learned in the first trial.

.....,. .....j ' .%, .- • ---..... -*-- '. --" ' ' , ... .- ', ,,, .:. ..-. .-. ..... ......... ..• .-. .• .-'.'-" " ". ,. .I,-
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3. SP reference model (A.22). The reference model bandwidth, or the closed-loop
system bandwidth, is specified by (3.20). With a performance margin PM = 10
(Section 3.6.2.2), the bandwidth is

7T
=- =9.52sec'n OT

This bandwidth corresponds to a rise-time tr = .7 (sec) according to (3.26), and a
sampling-to-bandwidth ratio of f /f BW=20 according to (3.28). The open-loop
reference model time constant, r"model=0.048, is chosen to achieve this
bandwidth according to the methods outlined in Section 3.6.1. Discrete model
parameters are then generated according to the method outlined in Appendix A.

The unit-step response of the SP MRAC is displayed in Figure 5-1. In the first trial, the

identification error goes to zero in .4 sec. Unlike an FP MRAC, the FP error does not

immediately go to zero due to the model filtering effect predicted by (A.23). In the second

trial, eid (k)=--O for all k, which results in perfect model following. The estimated parameter

vector, at the end of the first trial, does not correspond to the actual vector. This can be

expected since the control signal may not be sufficiently rich in frequency content (Yuan 77]

to identify a physical model. However, by at the end of the second trial there is perfect

parameter identification. While saturation does not occur in this experiment, the examples in

subsequent sections, which exhibit saturation, do not display the deadbeat response

associated with an FP MRAC.

The simulations verify the the baseline MRAC algorithms. The next section includes an

evaluation of these algorithms extended to include a measurement delay.

5.2.2. MRAC With Measurement Delay

In this section, a measurement delay is included by setting nd= 1. The controller is

implemented according to:

1. Control signal (3.10).

2. The identifier, (3.4),(3.5), and (3.6), is initialized as in Section 5.2.1.

3. SP reference models (A.22). The reference model bandwidth remains at n = 9.52
sec 1 . The open-loop reference model time constant becomes rmodeI =0.036
according to the methods outlined in Section 3.6.1. And, the discrete model
parameters are generat.,d according to the methods outlined in Section 3.3.3.

4. Control penalty (3.12). (The controller pole bound, y, will be specified for each
experiment).

,-6 .% - ..o••-



125

.9

.73

.2.

.4.2.

.0 .5 1.0 1.5 2.0 2.5 3.0

-. 12.0.

8.0 _
~6.0

4.0
2.0

-2.0. .5 1.0 1.5 2.0 2.5 3.0
time

. 10.0.
a)8.0.

~6.0.

4~ .0.
2.0.

-2.0 .5 1.0 1.5 2.0 2.5 3.0
time

a-4.0
-6.0.

~.3.

~ 2.

.5 1.0 1.5 2.0 2.5 3.0
time

DC MOTOR CONTROL

Figure 5.1: SP MRAC Without Measurcornent Delay
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The root-locus in Figure 3-8 predicts that the SP MRAC should be stable for all 7T(k). In the

simulation displayed in Figure 5-2, the controller pole bound is initially set to y = 1 .After the

initial learning trial, the system responds with a rise-time .7 (sec), with a decaying small

amplitude oscillation superimposed. By the end of this trial there is perfect identification.
A A

Since l 2/b 1<y 2 , then w(k) = 1, and the dominant closed-loop poles at (.099±.931i) predict2inc

the observed asymptotic oscillation frequency. Since the angle between the poles and the real

axis is
8 =j d T

then these poles correspond to a frequency of

tanl(.931/.099)
f = =7Hz.

27IT

The magnitude of oscillation can be attenuated by decreasing the pole bound to Y = 0.3, thus

increasing the control penalty. The oscillation is suppressed at the expense of a larger

rise-time, tr =0.8 (sec). While increasing control penalty improves stability, it produces results
6r

equivalent to reducing the system bandwidth, and leads to larger tracking errors.

These experiments summarized here verify the basic SP and FP MRAC algorithms by

demonstrating adaptive control of a simple positioning sy'-tern. Whik fixed controllers can be

designed for this system, based on a'priori knowledge of the plant, the adaptive controller

required minimal a'priori information. Next, the SP MRAC is extended to control a linear

image-based system. The SP MRAC is selected for IBVS control since it is less susceptible to

saturation and noise, and requires smaller control penalties required for measurement delays.

5.3. Linear IBVS

One DOF IBVS systems are simulated using Configuration 1 (Figure 4-1), and restricting

relative motion to either the X or Y directions. When motion is in the X direction, either the

length (4.30) or center-of-gravity (4.31) features can be used for control. For each case, the

feature sensitivity scaler, Jfeat' becomes either

ax Co2 F 4X eI(F + Y)red (5.1)

axre, ret 4(F+'Yrel )2-( 0sin rel)2

or

= -4F 0 sinr (5.2)
4aXrel ret 4(F + Y rel)2-( sin rel)2

If 0 rel =0 or v radians, then alength/ Xel =0 and (5.2) degenerates to zero. The center-of-

- .'.' . . ": -- , . - "." - .-• ,:,'.'.'. ..." " --.-- . .- " Y - .,'- -- . ..- ,- .-"- - " "
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gravity feature is thus selected for one DOF control of the X-axis. Since this system has linear

kinematics and the camera is mounted with the image plane's axis Darallel to the translational

stage axis, the arm jacobian scaler is Jarm = 1. The sensitivity (2.7) becomes
J = "Jarm ifeat '"feat

Since Jfeat is independent of XreI, the system under control is linear. The discrete open-loop

model parameters are obtained from Section 5.2 by including the feature sensitivity J in the

gain K:

1
K=JK _SFm 2,ffp

The value selected for SF depends upon the sampling-period and the feature sensitivity

magnitudes (since the discrete gains decrease with sampling-period and sensitivity). For all

IBVS examples in Chapters 5 and 6, the scale factors are empirically determined to be:

SFT =.033 = 2500
SFT =013 = 5000
SET = 003 = 10000 (5.3)

The SP MRAC control parameters are initialized according to Table 5-1.

P(O) P .Th esh (o)

0.033 Diag [10 10 80 80] 2500 [±10 ti0 1.1 -0.1]

-'* T(sec)
0.013 Diag [1 1 1 1] 100 [1 -LI 1.5 _0.5]

0.003 Diag [.1 .1 .01 .01] 10 [*1 tI 1.5 -0.5]

Table 5-1: Identifier Parameter Initialization (1 DOF)

A

In Table 5-1, the initial estimated parameter vectors, ,l(0), represent large gains and fast

poles so that the system is not forced to start out too fast. In practice, more accurate initial

guesses can be made to achieve faster convergence of the identifier. As T decreases, the

gain terms (bi1 decrease, and open-loop poles move closer to the unit circle. The initial

estimated parameter vector is varied with T to reflect these changes. In the initial
A A

experiments, the the estimated gain terms (b I(0),b 2(0)), are initialized to the incorrect sign to

demonstrate MRAC sign sensitivity. This sensitivity becomes an important aspect of

independent MRAC control of coupled systems, and is discussed i, Chapter 6. When

-y= 0.85, the linear IBVS systems still exhibit a decaying very low amplitude and frequency

I
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oscillation. By further reducing the controller pole bound to y = 0.65, a smoother response is

obtained.

In the simulations presented in this section, the sampling period is set to T = 0.033 (sec), and

the specified close-loop bandwidth remains wn=9.53 sec 1 , so that the sampling-to-

bandwidth ratio is fs/f BW = 20. Two control tasks, labeled Tasks A and B in Figure 5-3,

represent time-invariant linear IBVS systems.

Yo

1 = 1"..
0

9re = 45

X ob. =0

Yobj 10

( .)(.5.0) (5 )

.. =3 ra ) (F =51fm)
Desired

Position

Figure 5-3: Linear Time-Invariant Tasks

For each task, a picture is taken when the camera is in the desired position and the extracted

Xo feature value is used as the reference step-input. The simulation of Task A is displayedcOg
in Figure 5-4. The FP output and identification errors are expressed in terms of the scaled

feature. For this configuration, the actual parameter vector is

= [-3.8984 -3.4550 1.6958 -.6958]
A A

when T =0.033, rx = 0.091, and J = '0.4849. In the initial trial, b (0)= b2 (O)= + 10, and the

system-starts off in the wrong direction due to the incorrect sign of the initial estimated gain

terms. As the system learns, the estimated gain becomes negative and the table reverses

direction. After this learning trial, the system starts out in the correct direction in the second

trial. By the end of the second trial, the estimated parameter vector equals the actual

parameter vector. The system rise-time has increased to tr = .9 (sec), and there is a larger FP

output error due to the increased control penalty. The sensitivity of the MRAC controller to
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the sign of the gain term is an important aspect of adaptive control. For SISO control of

multi-DOF systems, it is shown in Chapter 6 that sign sensitivity can degrade path trajectory

response.

Task B is specified to force control signal saturation resulting from the longer distance that

must be traveled. The position response and control signals are displayed in Figure 5-5.

5.0
'4.0.%

X 3.0 
- st trial (from TASK A)

2.0 ..... 2nd trial

1.0

.0 .5 1.0 1.5 2.0 2.5 3.0
time

0~ 1.0.o -20.0l
15.0. .Li

" -25.0 j

-30.0
-35.0

.0 .5 1.0 1.5 2.0 2.5 3.0
time

IBVS: TASK B

Figure 5-5: IBVS with Control Signal Saturation

The camera focal length, F, is reduced so that the line does not go Qut of field of view (OFV).

Therefore, the feature sensitivity is reduced to aX cog/axreI = -0.0773, thus decreasing the

plant gain. The first trial uses parameter and adaptive gain values initialized to the values

learned from the Task A simulation. While there is control signal saturation, no deadbeat

response results. This experiment demonstrates the ability for the same adaptive controller to

operate equally well with different plant sensitivities.

• . , °- -
. . .- ..
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5.3.1. Noise Performance: Fixed vs. Adaptive Control

A potential drawback of any identification and feedback control strategy is susceptibility to

measurement noise. The control algorithm and measurement system must be designed to

reduce noise. Fixed controllers are inherently less susceptible since they do not include

on-line identification. In computerized vision measurement systems, image pre-processing

becomes the primary mechanism for noise reduction. Post-processing, or filtering, of the

estimated positions or features may be required for further noise reduction. The MRAC

algorithm provides inherent means for minimizing noise effects. Morris [Morris 791 has

demonstrated that:

* The SP reference model has superior noise performance, relative to the FP
reference model.

* The control penalty enhancement attenuates the gain of the feedback path, and
thus noise amplification.

* The gain of the feedback path can be further attenuated by reducing the closed.
loop system bandwidth (i.e., by specifying a slower reference model).

e The least-squares weighting factor X provides a noise filtering effect for the
estimation process.

In the next series of experiments, the relative noise performance of the LMFC and MRAC are

compared for two values of X. Fixed controllers are implemented by fixing the gains of the

MRAC controller, and turning-off the adjustment mechanism. Fixed gain values are derived

by fixing the estimated parameter vector to the actual parameter values.

Task A (Figure 5-3) is simulated with added measurement noise. The focal length has been

reduced, to F = 25 (mm), to keep the line in the field of view when smaller SNRs are used.

Noise performance is evaluated at five noise levels, including infinity (i.e., no noise), 80, 60,

44, and 30 dB. For example, the SNR = 44 dB corresponds to quantization noise due to pixel

resolution for a 512 X 512 CCD array without further pre-processing. For each SNR, an

experiment consists of five trials. The first two correspond to successive adaptive trials with

= 0.85, the next two correspond to A = 1, and the final trial corresponds to a fixed LMFC with

the estimated parameter vector set equal to the actual parameters:

A(k)-f = [-2.88453 -2.55645 1.69584 -.695841T

* Each trial uses the same noise sequence. The simulation results are shown in Figures 5-6 and
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5-7 for noise levels of 44 and 30 db, respectively. The X-stage starts off in tho wrong
A

direction, for SNR = 30 db and X = 0.85, since the estimated gain bt term is positive at the end

of the first trial. At 20 dB, the line would not stay in the field of view.

.4.
2 nid adaptive trial ( = .85)

.2 . ..... 2 nid adaptive trial (X = 1.)
1 -,, .. fixed

.0 - . . I. . . . . . __

.5 1.0 1.5 2.0 2.5 3.0
-. 1 •time

-%100.0.

.~ .0o1:........ 1:5 ....... -. . 3.0
-100.0. r ..- " time

r
'-200.0 ..

-300.0 :""

mj-400.0 .o
'-500.0. IBVS: Task A

Figure 5-6: MRAC vs. LMFC Noise Performance (SNR -=44db)

The relative noise performance is evaluated by defining the error index (E) according to

E logE e2F,,(k)] for kT>2sec

which is a measure of steady-state error7. The error-index vs. SNR is plotted in Figure 5-8 for

the second learning trial at each X. The fixed controller, which exhibits a performance which

is linearly related to the noise level, performs better than the MRAC controller when X = 0.85.

When A = 1, the LMFC and MRAC have similar performance. However, X is set to less than

one when controlling the nonlinear systems described in the following sections. While cther

approaches have been noted for noise reduction, such as larger control penalties and smaller

bandwidths, it appears that independent noise filters, operating on the measurement signals,

would be required to achieve suitable responses, at lower SNRs.

7Without noise, the full-parallel error is essentially zero after 2 seconds The error index, E, is thus calculated for
kT>2 sec., so that that E, calculated without noise, approaches minus infinity, and is the reference level

I =

. • • . ' " '"- " " "' "" " '" " " "- ---"" . -"" ' -..,,. . .."" .' .".
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5.4. Nonlinear IBVS

When motion is restricted to the Y direction, the sensitivity Jleat become

a 4FI -4cosOrel(F + Yrel )2 + 8XrelsinOrel(F + Yrel- cosOrel(IosinO rel )2

aYreI ret [4(F + Yre) 2 .(losinO re)2] 2

and

ax 4F 4Xrel(F + Yrel) 2 + 81o 2 (F+Yre)sinOrelosOrelXrel(osinOre)
2

Co (5.5)
aYrel ret [4(F2+ Yl)2_(IosiIO l)21 2

When XeI = 0 and OreI =0 , then aXcog/aYreI = 0 and (5.4) is degenerate. Therefore, length is

chosen as the feature for depth control. Since Jfeat is a function of Yrel' the system under

control has linear dynamics and nonlinear gains. For example, in Figure 5-9, the camera
0

moves along a trajectory specified by Task The corresponding feature transformation, (5.4),

and the corresponding feature sensitivity, (alength/aY), are plotted in Figure 5-10 for various

values of line angle (Oobj). These plots demonstrate that the gains can change rapidly and

dramatically, especially as the camera approaches the object. For these systems, stable

adaptive performance is expected (if the identifier is fast enough to track the gain changes),

with responses similar to the linear cases, with the following exceptions:

* Since the variable under control, feature length, is nonlinearly related to the plant
variable, Y, the time response of Y does not match the time response of the
feature.

* Since the process under control is nonlinear, there is no reason to expect that the
estimated plant parameters will converge to the to the physical parameters.

* Larger values of sampling-to-bandwidth ratios and smaller values of A will be
required to track time-varying gain terms.

To study the behavior of these systems, the simulations of Tasks C and D (Figure 5-9) are

repeated for various values of 8ohr Tasks are simulated in both the approach direction (i.e.,
0 camera approaches the line as indicated by the arrow in Figure 5-9), and in the backing away

trajectory. Task C represents a relatively small motion task, with a sensitivity that changes by a

factor of 2.2 over the trajectory. Task D represents a large motion trajoctory, with sensitivity

that changes by a factor of 90. With respect to the identifier requirements, both cases can be

considered as extreme examples because the gains change very rapidly as the camera comes

""
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Figure 5-9: 1 DOF Nonlinear Tasks

in close proximity with the line. If the tasks had been specified so that the camera were

further away from the line, but with a larger focal length (F) to increase the magnification, the

sensitivity changes would not be as large. The relationship between the sensitivity and the

focal length and relative distance (Yrel) is given by (5.4). For example, with 0 reI =0, (5.4) is

l _I F= (5.6)
aYrel ret ( F + Yrel )2

As F and Yrel increase, the sensitivity decreases.

For the initial studies, the SP MRAC is implemented according to the aforementioned linear

examples (Section 5.2.2), with X=0.85, wn=9.5 sec " , and T=0.033 . The following
oi observations emerge from specific simulation studies. In all simulations, the performance is

,I

'" "" " : '" ' N :o... ..-. . " * " " " .. . .
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Figure 5-10: Task D Feature Characteristics

stable and the steady-state identification error goes to zero. Transient identification errors

always remain. Both type 0 and type I estimated plants result. Since type 0 plants may be

estimated, a signal bias (Section 3.4.1) must be used to the reduce steady-state etrors to zero.

When type I plants are estimated, the estimated poles do not match the actual poles. In many

cases, non-minimum phase zeros are estimated. Thus, a control penalty is required,

irrespective of the penalty required for feedback delay.

As the least squares weighting factor X is reduced, the controller becomes too sensitive to

tracking rapidly changing gains, especially for tasks where the camera approaches the object

over large distances. The controller tries to decelerate too quickly as it estimates rapidly

increasing gains. This can cause temporary reversal of table direction. Conversely, as X

increases, smoother responses result, but with possioly small underdamped target overshoots

and longer settling times. The author has found that the value X = .85 provides an acceptable

tradeoff. In applications where small overshoots can be tolerated, larger values can be used.

However, the most effective way to track rapidly changing parameters is to increase the

sampling-to-bandwidth ratio.

When the feature signal is nonlinearly related to position (e.g., Tasks C or D), the feature

* and position time responses will be different. Since control of position is the goal, it is

important to understand the relationship between position and feature time-domain

6
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responses. To inves.iqate this re!ationship, the the time response of forward and reverse

trajectories are analyzed below, since the observed responses exhibit the following

interesting relationships:

1. When approaching the object, feature rise-times are smaller than feature rise-
times when backing away from the object.

2. When approaching the object, position rise-times are less than the corresponding
feature rise-times.

3. When backing away from the object, position rise-times are greater than the
corresponding feature rise-times.

4. Consequently the position rise-times associated with approach trajectories are

smaller than the backing away position rise-times.

The explanation for these observations are discussed in conjunction with the specific

examples which follow.

First, Task C is simulated with 8 = 45 degrees. The response, which is displayed in Figure

5-11, includes the initial and subsequent trials in the forward direction. The third trial, which is

in the opposite direction, uses the estimated parameter vector and adaptive gain matrix

initialized to values learned from the second trial. The rise times for this example are
Approach Feature fRise-Time: tr = 0.9 sec (2nd trial)
Backaway Feature Rise-Time: tr = 1.5 sec
Approach Position Rise-Time: tr = 0.83 sec (2nd trial)
1Backaway Position Rise-Time: tr = 1.55 sec

Since the feature signal is controlled directly, it is expected that the approach and backing

away feature rise-times would be identical. In the approach trajectory, the feature rise-time

- matches that of the linear IBVS example Task A, however in backing away, the rise-time is

much larger. The explanation for these results requires evaluation of the gain change with

time. The gain change, dJ/dt, which must be tracked by the identifier, is evaluated accordinge
to

dJ aJ dY
S(5.7)

dt aY dt

where aJ/aY is the second derivative of the feature transformation (5.4). The gain change

(5.7) for Task C is plotted in Figure 5-12 for both approach and reverse trajectories. The

maximum rate of gain change is larger when backing away since the camera starts in a region

where aJ/aY is large, and during the initial part of the critically damped feature response

dY/dt is large. Upon approaching the line, the initial aJ/aY is smaller, and during the final

0.-
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Figure 5-12: Sensitivity Change for TASK C

part of the trajectory dY/dt decreases. Since dJ/dt is larger for backing away, the transient

identification error is larger during tho time when most of the motion Occurs. A longer time is

required to recover from identification tracking errors, and the rise time increases.

Analysis of the relationship between feature and position response follow. It is shown below

that the predicted position approach times (i.e., the response that would occur for perfect

model following, or eFP(k) = 0.0 for all k) are smaller than in a reverse trajectory, irrespective of

tracking errors due to sensitivity changes. While this analysis provides insight into IBVS, it

may have potential implications for task planning to minimize cycle times. To derive the

position signal as a function of the feature signal, the expression for the length feature

(4.30) is solved for Vrel' with XreI = 0:

(4 ret Iength)lYreI -F]2 -(4 F SF cos Orel)[Yrel + F] -(ret length sin Orel) 0 (5.8)

For each sampling period, (5.8) is solved for Yrel(k) as a function of the length feature

reference model signal length.ref(k). This analysis is used to predict the position response if

perfect model following were achieved. (Actual response will lag behind the predicted

response due to control penalties, transient identification errors, and possibly control signal

saturation). From (5.8) for Task C, the predicted position rise-time in a forward trajectory is

0.69 seconds, and 0.79 seconds in the reverse direction. While the position excursion is the

6
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same, the sensitivity chantgo differences account for the po-sition time response differences.

These predicted results are explaied as follows. The position approach rise-time is smaller

than the corresponding feature rise-time since aY/a englh decreases as the camera

approaches the line. Thus, Y can be close to it's final value, while the length feature can

change by larger amounts to reac'; to it's final value. Upon backing away from the object,

aY/a engh increases, and larger changes in Y are required for the same changes in the length

feature.

The effect of the sampling-to-bandwidth ratio fS/f 3w on system peiformance is evaluated

below. Task C is simulatt, d for 0 obl varying between 0 and 80 degrees, using a sampling-to-

bandwidth ratio of fs/fow = 20 (which is the same value used for the linear IBVS control in

Section 5.3). The simulations all exhibit good stability, and the approach position rise-times

remain essentially constant (tr = .83 sec), while the feature rise-times increase with increasing

0b . Motions over larger distances, and thus larger gain change, require larger sampling-to-
bandwidth iatios to achieve equivalent performance. Performance with movement over a

distance of 18 inches, represented by Task D (Figure 5-9), is displayed in Figuire 5-13. Rise-

times become larger because of control signal saturation. The oscillatioi in position is due to

larger identification errors, as a result of larger gain changes (Figure 5-10). It was noted, at

the outset of this . ection, that decreasing X to reduce e,0 makes the Fsystei. too sensitive to

the rapidly changing gains. An effective means to smooth this response is to increase the

sampling-to-bandwidth ratio. For example, Figure 5-14 compares the response for three

ratios, which are varied by fixing the bandwidth at w= 9.5 sec' and changing the sampling

period according to

1. T = 0.033 (fs/f 20)

2. T = 0.013 (fs/fBW= 50)

3. T = 0.003 (f /fw 220)

Overall time responses are comparable, but become smoother as the sampling-to-bandwidth

ratio increases. At the highest ratio, the identification error becomes negligible. In the next

section, it is shown that an advantage of fixed control is that it can exhibit superior stability at

the lower ratios.

41
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5.4.1. Adaptive Control Vs. Fixed

A performance comparison of adaptive versus fixed control, for the nonlinear IBVS system,

is presented here. Fixed controllers are implemented by fixing the gains of the MRAC
A

controller. Fixed gain values are derived from the estimated parameter values P3 which are

* identified from initial adaptive learning trials. The studies include the effects of varying the

range of motion (and thus the change in feature gain), bandwidth, sampling-to-bandwidth

ratio, and the strategy for initial model parameter estimation. The results of these experiments

- suggests the following:

* For a specific task, and at a sufficiently large bandwidth, a fixed controller can be
tuned to achieve a time response comparable to the adaptive controiler. As the
bandwidth decreases, fixed control performance becomes sluggish relative to the
adaptive response.

* A fixed controller tuned for a specific task cannot perform as well for another
task. Adaptive controllers can perform well over a wide range of tasks.

* Fixed control performance is smoother than adaptive performance (i.e., improved
stability) at lower samp!ing-to-bandwidth ratios.

Each task in Figure 5-9, including tasks at intermediate distances, are simulated at two

reference model bandwidths; on = 9.5 sec' and w n = 4.4 sec-. In both cases, the sampling

period is set to T 0.033 (sec). For each task, at each bandwidth, three control modes are

evaluated:

*1. Adaptive;
A

2. Fixed Control; where I? is fixed to the values learned in the initial adaptive run;
and

A
3. Fixed Control; where # is fixed to the values learned from adaptive control of Task

* C.

.* Task performance, which is summarized in Figures 5-15 and 5-16, is evaluated by the

measured position rise-times. At the higher bandwidth, the adaptive controller and the fixed
A

controller (with a learned over the entire trajectory) have comparable performance. When the

fixed system is tuned for a high gain region (i.e., Task C), it performs sluggishly when required

to track gain changes in lower gain regions. Other initial learning strategies are possible.

However, if learning is biased to the low gain region, the fixed controller becomes

underdamped, and possibly untable, as it approaches the target. At the lower bandwidth,

fixed control performance degrades, relative to adaptive control, as AJ increases. One of the

- . .Si " • • - " ' .. .. . " • -' - - - - + ' .
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Figure 5.16: Fixed vs. Adaptive Performance (BW = 4.4 sec')

primary purposes for using feedback control is to reduce the sensitivity of a closed-loop

system to open-loop parameter variations. This sensitivity, to the closed-loop bandwidth, is
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. explained as follows. A plant KW(z') is controlled with a fixed feedback controller (Figure

5-17), where the gain term, K, varies with time. The feedback compensators are C(z 1 ) and

* H(z').

H( z - )

Figure 5-17: Fixed Feedback Control

The closed-loop transfer function, M(z'l),

C(z 1)KW(z "1 )
M(z" 1) =(5.9)

1 + C(z'T)H(z 1 )KW(z "1 )

is the same form as the LMFC represented in Figure 3-7. Over the frequency range of interest,

the transfer function (5.9) approaches

1
M(z'I)-* (5.10)

independent of the plant gain. Therefore, as the closed-loop bandwidth increases, the system

becomes less sensitive to gain variations [Kuo 82].

At the higher bandwidth (Figure 5-15), the adaptive response degrades as AJ and the

distance traveled increase, as a result of control signal saturation and larger transient

identification errors. At the lower bandwidth (Figure 5-16), the adaptive performance remains

essentially constant because the sampling-to-bandwidth ratio has increased, thus reducing

e10(k), and because saturation is reduced for the smaller required velocities.

At the outset of this section, it is noted that, for small excursions and relatively small

changes in J, the adaptive response is smooth. As the distance traveled increases, and AJ

increases, small oscillations result unless fs/fw is increased. Fixed control results in a

smooth response even at the lower fs/fBw ratios. For example, Figure 5-18 compares the

* adaptive versus fixed responses for Task D, with T =0.033 sec. and n = 9.5 sec". An

0
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advantage of fixed control is that it exhibits superior stability at lower sampling-to-bandwidth

ratios. This becomes an important consideration when the hardware used in an actual

implementaton constrains the sampling period.

impleentaton satimen
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1.0. Summar16.0.

-14.0.
-12.0.

10.0.
8.0 "
6.0 etxed (from IRsA adaptive trial)
contros ( r 3). adaptive (2Ri elee f
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Figure 5-18: Position Response of Fixed vs. Adaptive Control

L4 5.5• Summary

The experiments included in this chapter verify the simulation of the MIRAC adaptive

controllers (Chapter 3), for SISO systems. The SP IMRAC is selected for IBVS control since it

less sensitive to control signal saturation, has improved relative stability with measurement

delays, and has superior noise performance.

The analysis shows that for IBVS control, the system under control exhibits nonlinear open-

loop gains (or sensitivities) which can change dramatically over the task trajectory. A

contribution of this dissertation is that MRAC control of such nonlinear systems (with

measurement delay) produce dynamically stable closed-loop systems, in simulation, without

directly interpreting actual positions. Achievement of acceptable stability then requires

attention to the following details:

1. A least squares weighting factor of X = 0.85 provides a suitable trade-off between
tracking feature sensitivity changes and over-reaction to those changes. Larger
values may be used to improve noise response.

2. The sampling-to-bandwidth, fs/f 6w ratio must be selected in terms of the
magnitude and slope of feature sensitivity change. For example, as the required
distance of travel increases, larger sensitivity changes result, which require larger
ratios. While fs/fHw = 20 is suitable for a small motion task (e.g., with a I inch
travel, where the sensitivity changes by a factor of 2.2), the ratio must be
increased to fs/frIw = 50 for an 18 inch excursion task, in which the sensitivity
changes by a factor of 90. The spec;ific sampling-to-bandwidth ratios also depend
on the features used for control and relative object orientations.

4 , .. . .. . . . . . .
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3. A controller pole bound of -y = 0.65 is suitable for damping out oscillations due to
measurement delays. The control penalty is also required for stability since the
identifier can estimate non-minimum phase zeros arising from the nonlinear gain
terms.

It is straightforward to design a fixed control law for a linear system when the control

engineer has detailed knowledge of the open-loop system. The adaptive controller is

implemented with minimal a'priori knowledge. When the plant is nonlinear, or has unknown

parameters (e.g., for the 'teach-by-showing' strategy), it is a formedable engineering task to

design a suitable fixed control law. A contribution of this dissertation is to evaluate an

approach for implementing fixed controllers for such nonlinear system. The steady-state

estimated plant parameters, derived by MRAC control, are used to specify a fixed LMFC

controller. Comparison of the adaptive and fixed control approaches suggests the following:

1. While the stabity of an adaptive controller is highly susceptible to measurement
noise, especially as X decreases, a fixed controller exhibits superior noise

*- performance.

2. A fixed controller exhibits a better transient response than the MRAC as the
sampling-to-bandwidth ratio decreases. An adaptive approach has superior time
responses at lower closed-loop bandwidths.

3. A fixed controller tuned for one task may not be suitable for another task. A single
adaptive controller can be suitable for many tasks.

The following chapter extends the evaluation of adaptive MRAC and fixed LMFC to the

independent control of multiple DOF coupled systems.

4
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Chapter 6
Evaluation: Two DOF Systems

6.1. Overview

This chapter includes an evaluation for IBVS control of both linear and nonlinear kinematic

two DOF configurations. The linear kinematic configuration (Section 4.2.1) is modeled with

uncoupled linear robot dynamics. The kinematic structure of this configuration is uncoupled

in a Cartesian frame, permiting the camera to be mounted so that the robot's degrees-of-

freedom coincide with the camera's reference frame (i.e., the translational X and Y axes are

parallel to the image plane's frame of reference). The articulated arm configuration (Section

4.2) displays nonlinear and coupled kinematics and dynamics. In this configuration, the

articulated degrees-of-freedom (i.e., 0t and 82) are nonlinearly related to the camera's frame.

Because of the kinematic and dynamic distinctions, these configurations are evaluated

separately. While the evaluations focus cn image-based control, enhanced SP MRAC joint-

level control of the nonlinear dynamic robot is also evaluated.

The chapter is divided into two parts. The first part (Section 6.2) includes the evaluation of

the linear kinematic configuration. In the second part (Section 6.4), the nonlinear and coupled

kinematic and dynamic configuration is evaluated, along with the enhanced SP MRAC joint-

level controller. (The controller parameters are summarized in Appendix C.) The evaluations

include an analysis of the sensitivity matricies, and compare the control system performance

of both uncoupled adaptive and fixed controllers. Potential performance advantages of a

coupled controller are suggested by isolating specific problems associated with independent

control.

The chapter includes detailed explainations and interpretations of the responses observed

in the simulations. The predominant observations are:

* Adaptive IBVS control achieves dynamically stable systems for both
6 configurations. The systcm performance exhibits good transient response, and

zero steady-state errors. This performance is achieved without explicit a'priori
knowledge of object positions or robot dynamics.

• "..........-............................ "'"...... ,'•." ""• ....... ...'" ..... ......o- ..- , .'-,
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* For these two degree-of-freedom systems, predicted paths (i.e., those paths
which would result if perfect feature reference model following were achieved)
are nearly straight line trajectories. It is encouraging, for future implementations
of more general systems, that these paths do riot exhibit tortuous trajectories.

* The "teach-by-showing" strategy provides a convenient means for specifying
visual servoing tasks when stringent path control is not required. For example, it
may be used for small motion precision positioning (e.g., in precision assembly,
for parts aquistion and mating alignment), and for gross positioning when smooth
motion is acceptable and the work area is free of obstacles.

e Independent controllers produce deviations from the predicted path. Typical
deviations are relatively small, with the exception of large motion nonlinear
kinematic tasks. In these cases, large deviations increase the risk of obstacle
collisions, and make it difficult to keep the observed object in the field-of-view.
Thus, independent controllers may not be suitable for such tasks.

o Another liritation of lhe independent control strategy is accentuated by the
kinematic coupling of the nonlinear kinematic configuration. In this configuration,
there is a requirement for a feature/joint reassignment strategy. In contrast, a
fixed feature/joint assignment is suitable for the linear kinematic configuration.

* The enhanced SP MRAC controller, with delay, yields stable systems, with good
transient response, when used as a joint-level controller. To the best of the
author's knowledge, this is the first simulation demonstration of an enhanced
MRAC (i.e., SP MRAC, with control penalty and measurement delay) for robot
control.

An MRAC can be used to derive a fixed LMFC control law. ThE fixed controllers
h ve better relative stability at lower sampling-to-bandwidth ratios, and tend to
exhibit faster rise-times. Relative to the MRAC, however, they produce larger path
deviations, and are only suitable for small motion tasks which have smaller
sensitivity changes. A single fixed controller cannot achieve uniform performance
over a broad range of tasks.

6.2. Linear Kinematics and Dynamics

This section includes an evaluation for the linear kinematic and dynamic system

represented by Configuration 1 (Figure 4-1). The adaptive control approach is demonstrated

to exhibit dynamically stable responses, and zero steady-state feature and position errors.

Predicted position trajectories (i.e., the predicted pathes if perfect reference modeling were

achieved) are smooth and approximate straight-line trajectories. Actual position trajectories

deviate from the predicted response, however, typical deviations are relatively small. The

MRAC time response lags the specified reference model rise-times. The fixed LMFC, which

does not include an on-line identifier, produces larger path deviations, and faster rise-times.

"0 '' * ..- " " " ' - " "", ,- - ' ".- " .,
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Larger path deviations limits the LMFC to tasks requiring small motions. Potential

performance advantages gained from a coupled controller are suggested by isolating specific

problems associated with the independent adaptive controllers.

6.2.1. Sensitivity Analysis

The sensitivity matrix, J(X), is
aX aX

--- q (5 .1) 1 (5.5)
()= -Jeat(Xre) = Xrel aYrel (6.1)

a l e ntl ena th  (5 4 )
_ 'e1h (5.2) a 5.4)

O reI  O reI

and the transfer function matrix, for the robot, is

Km  1 0
s(Trm-xS+ 1) 27rp

W (s) = (6.2)

K 10 M
s(T,,yS+ 1) 2rp

The sensitivity matricies are evaluated to address the following questions:

1. Are the elements in (6.1) continuous and non-degenerate according to condition

(2.6)?

2. If the controller could achieve perfect model following of the reference features
(i.e., eFP(k) = 0 for all k), what would be the predicted Cartesian path?

3. What is the diagonal dominance organization of JWp, which determines the
feature/joint coupling, and over what boundaries does this organization
remained fixed?

To answer these questions, numerical maps of J were made for three line angles (0 0, 45,

75 degrees ) and over the range of relative positions

-4 rel 4 (in.) and 0 < Yrel 25 (in.) in 1 in. increments

(The range of angles and positions correspond to those used in the simulation examples

evluated in Section 6.2.2.). A typical map of -Jfeat(iXre) is shown in Figure 6-1. The matrix is

not evaluated at points where the line is hidden or is Qut of the field-of-view (OFV). These

points are indicated by a.. on the maps. Under these conditions, the matrix elements are

continuous and non-degenerate.=iI
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6.2.1.1. Predicted Path

Evaluation of control performance includes both time and path performance. Path

performance is evaluated relative to the predicted path, or trajectory, that would result if the

controller could achieve perfect model following. The predicted pathes are calculated in this

section. Two approaches are available for deriving these pathes. One method is based on

numerical evaluation of the inverse of the sensitivity matrix according to:

dX = J- dt

A second approach is to analytically solve the feature-to-Cartesian space mapping (i.e., the

interpretation transformation). Since the analytic equations tor the Cartesian-to-feature

space mapping (i.e., the inverse interpretation transformation) have been derived (in Section

4.5), the later approach is used here. The feature transformation equations (4.30) and

(4.31) are rewritten as:

1 ret
Xrel = F [V2-(0.51sinre)2] Xcog + [(0.51soSinOre)2sinOreCOSOrel]} (6.3)

and

V31eg. + V2 [XcoSinO el-SF'cosO
r l  -V[enh(0.51oSinOrel

2 ]

gen., s ret I length 0 red

FSF -. 2
+singrel I r- (0r510) snorelcO rel- Xcog(O.'Sl fsin Jel 0 (6.4)

where

Io-1 (inch) and V-Fo + Yret

For each sampling period, (6.3) and (6.4) are solved for Xre (k) and Yre (k), as a function of the

feature reference model signals, Xcog-ref(k) and length.tef(k). The cubic equation (6.4) is solved

numerically for V, and the resulting Ye is substituted into (6.3) to obtain XreI. The Cartesian

path is then:

X(k) = X..Xr (k) and Y(k) = Yob -Yrel(k)

The relative complexity of this interpretation process for even this 2 DOF system illustrates the

potentiality for error and computational complexity which would be required in a position-

based system.

The visual servoing tasks evaluated in this section are represented in Figure 6-2. For each

. ..I. .. ._, -. ._ ._, , , , .' "' ..- " , . . . - .- . : . .
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task, the predicted path (in a forward trajectory) is displayed in Figure 6-3.8 The analysis

demonstrates that, for this limited degree-of-freedom system, the predicted paths are smooth

and exhibit nearlhy straight-line trajectories. Such motion is satisfactory for many applications.

Had this 2 DOF system yielded paths with tortuous trajectories, then it would not be very

promising to expect better behavior from more general systems.

6.2.1.2. Feature/Joint Assignment

Selection of the feature/joint assignment (Section 2.5.2.1) is based on the column

arrangement of the transfer function matrix JW which minimizes D(JW p). The following

derivation illustrates this proceedure. The robot transfer function matrix in (6.2) is written as

~K t (s)0
W (s) =

P 0 K22(S

and the feature sensitivity in (6.1) is written as

ill 1J2I1 1,2

The overall transfer function matrix can be wriiten as either

1K, (s) jl,!K11 (52 (
" Wp= I K s  J2 (Case 1)

K K(sI
rLi 21K 11(S) •  j2K22(S)J

* or

JW = 12K22(S) J11K11(Slse)

JW [ (Case 2)
I. '12K 2(S 21K i 1(s)
J22K22 (S)  J1 ()

The feature changes 3f = [Xcog ,Slength ] T with respect to the control signal changes

u = [Su I,(u2 IT, become

31 pJ SI j p su
- th CASE 1 CASE 2

81n Figuie 6 3, predicted paths for Tasks I and L are straight lines, and the pals for Tasks E and F have path
deviations from the Y-axis of is 0.002 and 0 026 inche., respectively.

*. .. , i -
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For Case 1, the feature/joint assignment would be X --X-axis and l 4t-Y-axis. For Case
cog ength

2, the assignment would be X c-Y-axis and length-X-axis. The assignment decision iscog

based on the column arrangement which minimizes the coupling; i.e.,

if D(JW )<D(JW,,) then select assignment in Casel; (6.5)
else choose Case 2

Condition (6.5) leads to

Case 1
ij Ij2 l > ijIJJ2 1.

Case 2

Maps of feature/joint assignment are derived from sensitivity maps. At' assigjnment map,

which corresponds to the sensitivity map of Figure 6-1, is displayed in Figure 6-4.9 For

exampl., the control structure for the assignment at X re = {Xrel Yrel T - {0,3 T is represented

in Figure 6-5. Figure 6-4 indicates that the feature/joint assignment may require switching

during a control task. However, upon inspection of these maps, it is observed that the

feature/joint assignment remains fixed over large regions of space, and there are no

"islands" where the assignment changes, but there is a distinct switching boundary. Further,

over most of the soace, X is assigned to the X-axis, and I to the Y-axis. For 0 equalcog ength obi
to zero, the assignment remains constant over all space. As 0 obi increases, the boundary

shifts to the left, but Xcog remains assigned to the X-axis over most of the region. These

observations are in contrast to those for the nonlinear kinematic configuration (in Section

6.3.2.1) for which the assignments do not remain constant over large regions of space.

When the sensitivity matrix is organized in a diagonally dominant fashion, the coupling (or

off-diagonal) elements, can change by a larger percentage over space than the main diagonal

elements. For example, if the camera were forced to move along a straight line trajectory

(represented by Task H in Figure 6-2), then the corresponding percentage change in each of

the e!ements is plotied in Figure 6-6, where
IJ - ,3)-J( X Yei Y 00)I

%change- rlIi X 100%IJ(-1 .3)1

9 t is noted that the 51 nsitivity matrix did not. tn general, satisfy the classic definition of dominance in (2.8). For

example, at XeI = 1,31 classical dominance does not hold.

4V
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Yrel
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Figure 6-6: Percentage Change In Feature Sensitivity

For other tasks, changes in sensitivity can be even larger (e.g., in Task J, J(2,2) changes by

* 477%' or by a factor of 5.77). The significance of this observation is that it is expected that
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even larger sampling-to-bandwidth ratios will be required for identification and control of

these coupled image-based systems. When using independent controllers, the coupling

elements can be viewed as external disturbances. Thus, the sampling rate must be high

enough to reject the apparent rapidly changing disturbances.

In most of the simulations presented in this section, the feature/joint assignment is fixed to

Xcog ,-X-axis, irrespective of diagonal dominance changes. In some examples, performance

is evaluated when the feature/joint assignment is switched at the boundary of diagonal

dominance changes. In these examples, control is halted at the boundary and the feature

assignment is switched. When the assignment is switched, the identifier parameters must be

reset or initialized to the values used for that particular coupling. Control is then restarted

with reference model reinitialization. In these examples, D(k) is measured during control

using analytic derivations of J(X ret) and assuming that (XreiYred} is known.

6.2.1.3. Path ConstraintS
A path constraint strategy, for this configuration, would not appear to be required since the

predicted paths, in Figure 6-3, approach straight-lines. Such weil behaved paths may not

result in more general and higher DOF systems. Even for this simple system, perfect model

following is not expected because of transient identification errors due to rapidly changing

gains, measurement delays, and use of independent controllers. Thus, evaluation of a path

constraint strategy is a practical exercise.

A path constraint approach, based on the hierarchical control strategy presented in Chapter

2, is evaluated. The hierarchy is represented in Figure 6-7, where

%AX Xco°desired Xc°(k)l X 100%%Acog = AX

cog-max

and the percentage feature error e i3 chosen experimentally to be e = 10% .The maximum

feature change, .Xcog-max, is unity, since the image coordinates are normalized to the image

boundaries. For these simulations, Y-axis motion is constrained by braking. In the figure, it is

assumed that the X feature is dominated by movement along the X-axis (i.e., all areas

marked with "o" on the feature/joint assignment maps).

r.
.. .:I- - . '
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Take kPicture

*Control only X-axis
,n X cog >E Y E 5 W/ X CCUj

E 3 *Restrict Y-axis by brake

N ) *Control both DOF

Figure 6-7: Hierarchy for 2 DOF Linear Kinematic System

6.2.2. Control Evaluation

The visual servoing tasks to be evaluated are represented in Figure 6-2. Figure 6-2 also

indicates the sensitivity matrices in the initial and desired views, and the associated coupling

index 10 . Tasks are simulated for both the forward (or approach) and reverse (or backing-

away) directions. The tasks are selected so that, in the desired view, the camera is in close

proximity to the object, as if the robot were going to acquire the object. This is a worse case

arrangement since J changes rapidly as the camera approaches the line.

Each task is simulated at two sampling-to-bandwidth ratios by fixing the bandwidth to

1 1
Wn=9.5 sec' , and setting the sampling period to either T=0.033 or 0.013 seconds'
corresponding to

10Fc Jils configuration the magnitude of W , used to calcUlate D(JWp), are !he translational stage DC gains
K/2-rp (Sections 4.3.3 and 4.4.4). Since the gains are identical for both stages, and Wp is diagonal, D(JWp) = D(J)

1 1 Due to open-Iop reference model time constant round-off, the closed-loop bandwidth is Wn =9.4 sec when

T=0.013

,.* ' . . -. . . "- . - " ". *. " -- . . " - * " . .* ., . . - .* _ * . -.-"
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f s f/fa 20, when T =0.033 sec.

-. and

fs/fBW = 51, when T = 0.013 sec.

The controller paramters are summarized Appendix C. After each initial adaptive learning trial,

a fixed LMFC is implemented using the steady-state estimated plant parameters identified

from the initial adaptive trial. The resultant approach trajectories, at the larger sampling-to-

bandwidth ratio arid with the fixed feature/joint assignment, are shown in Figures 6-8, 6-9,

and 6-10. Each plot shows the adaptive control on the second trial, the fixed LMFC, adaptive

control with the path constraint hierarchy, and the predicted path. Each plot indicates the

rise-time as the maximum of the X-axis and Y-axis position rise-times. Each task is simulated

for 3 seconds.

The following observations emerge from the performance evaluation of the adaptive

controller:

1. Stability : At the higher sampling-to-bandwidth ratio (fs/fBW = 51) and for the the
fixed feature/joint assignment, all simulations are stable, w,,h acceptable
transient response, and zero steady-state feature and position errors.

At the lower ratio (f./flY1w = 20), which was suitable for the 1 DOF configuration,
transient response degrades when the tasks are run in the reverse directions, and
when crossing boundaries of diagonal dominance changes. Problems
associated with independent adaptive control of coupled systems are
accentuated, including not switching the feature/joint assignment at boundaries
of diagonal dominance changes, and MRAC sign sensitivity. The MRAC sign
sensitivity causes momentary changes in the sign of the controller gain, which
causes momentary reversals in table directions. Examples of feature/joint
reassignment and MRAC sign sensitivity are presented in Section 6.2.3.

2. Parameter Estimation : When the line stays in the field-of-view, steady-state
identification errors go to zero. The transient identification-errors approach zero
before steady-state positions are reached (i.e.. while the camera is still in motion),
which indicates that equivalent SISO models of the coupled plant can be
identified. Sufficiently large sampling-to-bandwidth ratios are then required to
track dynamic changes. Transient identification-errors remained for all examples.

Type 0 plants were identified in the steady-state, and some of the estimated zero's
are non-minimum phase. This demonstrates the need for a control penalty and
signal biasing.

At the higher sampling-to-bandwidth ratio, adaptive performance in the second
trial is not significantly improved (relative to the initial trial) due to the higher
sampling-to-bandwidth ratio, and better initializations of the parameter 'c'ctor.
Examples of the first trial performances are displayed in Figure 6- 11.

"ilk.
"';1 I ilmilaim~i lll !re~e..,.i m~i/-"-. -"-
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In the second trial trajectories, the object remains in a stationary position
between successive trials. If the object is allowed to assume random positions,
should the identifier be reset between successive trials? To examine this
question, Tasks J, H tand I are run successively without resetting the identifier,
and with the identifier initialized to the values learned in Task E. This is equivalent
to the object being in random positions between successive trials. The results are

displayed in Figure 6-12. The responses are not as smooth as if the controller
had been reset between trials. This suggests that, for a margin of safety, the
controller may be reset between successive trials.

)= 19.0

Task L (1.83 sec)
..... Task J (1.24 sec)

Task E (1.01 sec)
18.6 - Task II (.2 sec)

-- Task (1.27 sec)

18.4

18.2

18.6

17.8

17.6

17.4 .

17.2

-1.0-.8 -. 6 -.4 -. 2 .0 .2 .4 .6 .8 1.0
x

Figure 6- 11: Adaptive Trajectories: First Trial

0

0
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Figure 6-12: Sequential Adaptive Runs
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3. Path Smooth motion trajectories are observed for all cases evaluated at the
higher sampling-to-bandwidth ratio (fs/fw = 51). Such motion is suitable for
tasks requiring small corrective motions. Actual paths deviate from the predicted
trajectory, and the maximum path deviations are summarized in Table 6-1.

TASK

Path G E J H I L IK IF N M

Deviation Z0.0 0.006 0.03 0.04 0.05 0.1 0.23 0.23 0.83 0.3

(inches) .14 1 ,
(nut)

(it tor rt-.uv-lry fromv

iln sens it iv I ty)

Table 6-1: Maximum Path Deviations

The tasks requiring relatively large distances of travel (e.g.. Tasks F, M. and N)
show the largest deviations, since control signal saturdion and larger
identification errors occur in these cases. In most of the smaller motion
examples, deviations are relatively small. Tasks L and K exhibit relatively larger
deviations, since the sensitivity, J, changes by a relatively large amount, which
leads to larger identification errors. In addition, the initial view coupling index
(indicated in Figure 6-2) for Tasks L and K are large relative to values for the other
cases. (The result observed here is consistent with a systematic study of
performance, as a function of the coupling index, in Chapter 7.) In Task H, the
initial path oscillation results from sign-sensitivity, and is discussed in Section
6.2.3.1.

Actual position trajectories are not always monotonic. If smooth motion
trajectories are acceptable for path performance, then monotonic smooth motion
trajectories are desirable. For example. when independent controllers are used,
then non-monotonic motions generally result when initial relative displacement is
in only one degree-of-freedom. In these cases, there can be initial feature errors
for both axes, so that initial motion is forced in both axes (e.g., Tasks E, I, L, and
F). Path deviations can be reduced by using larger sampling-to-bandwidth ratios,
but typically with only marginal improvement. For example, when Task I is
simulated with an extremely large ratio of f./fBW = 21 3 (T = 0.003 sec and wn = 9.8
sec'), the maximum deviation is 0.03 inches, compared with a deviation of 0.05
inches at the lower sampling-to-bandwidth ratio. Thus, SISO control of feature
coupled systems tend to have path errors at the start of the trajectory
(independent of the sampling-to-bandwidth ratio), which accounts for the
observed transient identification errors. An MIMO controller would, in theory,
produce superior path performance.

4. Rise-Times: Position rise-times are sluggish relative to the predicted response
times. For example, while the predicted rise-time is typically tr_ 0.7 sec for the
smaller ruction tasks, actual times ranged from 0.84 to 1.27 seconds (except for
Task L). Saturation, control penalties, and transient identification-errors (which
appear to over estimate the gains) produce transient response errors. To

0 illustrate the error due to control penalty, Tasks E and J are simulated without
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measurement delay (i.e., nd =0) so that the controller pole bound can be
increased to y =0.99 . The rise-times deceased to 0.81 seconds, and the
remaining time-domain error arises from transient identification error.

With measurement delay included, a larger control penalty (i e., smaller pole
boind) is required. While no attempt is made to optimize y for the examples
included in the dissertation (i.e., y = .65 for all examples and for all f/f w), it is
observed, that as f /f increases, y can also be increased. For example, if Task
J is simulated with 7 = 0.75. and with nd= 1, the rise-time decreases to 0.82

seconds, without degradation of path.

It appears that Task L exhibits exceptionally poor time response (i e., tr = 2.11 sec
for adaptive control, compared with a predicted rise-tme t = 73 sec) as a result ofr

the relatively large changes in al /enIh Y and OX /oax and large value ofenu~h , coq

coupling. For example, in Task L, the initial view coupling index is D =.95, and
J(2,2) changes by a factor of 8.9. In Task E, for which the adaptive and predicted
rise-times are .9 seconds and .68 seconds, respectively, the initial view coupling
is D = .0008, and J(2,2) changes by a factor of 2.2.

Finally, the time response, when moving toward the line, is faster than when
* moving in the opposite direction. This observation is consistent with the

predicted path rise-times.

5. Path Corm;traint: During hierarchy level transitions, the MRAC controller gains, for

each MRAC. are fixed (i.e., run as LMFC) to their current values for 6 sampling
peuitds following the transition. It is observed that this approach cOuld improve
the transient response during the transitional inierval. It appears that by
permitting the additional DOF (i.e., the Y-axis) to accelerate, before identification
proceeds, feature changes, and thus gain estimates, are not dominated by the
axis already in motion. The number of fixed cycles is determined experimentally.

The hierarchical strategy minimizes trajectory deviations when initial relative
displacement is predominantly in the X direction. At the opposite extreme, there is
no effect in cases like Task E where initial displacement is only in the Y direction.
In intermediate cases, such as in Tasks M,N,J, and H, the hierarchy degrades the
path relative to the predicted path, but at least drives it in a controlled monotonic
fashion toward the X-axis. In Task G, where the object is not centered in the
image, the hierarchy accentuates the path deviation required to drive the feature
center-of -gravity error to zero.

In general, arbitrary use of the this hierarchy may or may not minimize path non-
monotonic trajectory deviations. However, if the object is centered in the image,
then a smooth path, biased toward the X-axis, is expected.

Figures 6-8, 6-9, and 6- 10 also display the fixed LMFC response. (The fixed controller is only
run at the higher sampling-to-bandwidth ratio f S/f 3=51.) The following observations

emerge:

. . ." " • . " .-" . • . . -. . . .. . - - .'-- ".. -



170

1. Stability: With the exception of Task M, the fixed controllers are stable, with good
transient responses, and zero steady-state feature and position errors. In Task M,
the line goes OFV, and control stops. In this case, the LMFC is not adequate even
with the relatively large bandwidth. This suggests that a fixed control strategy may
not be suitable for tasks requiring large motions where the sensitivity, J, changes

by large amounts.

2. Path: Each task exhibits smooth path motion. With the exception of Task H, the
LMFC produces deviations from the predicted path which are larger than the
MRAC path deviations. Task H, which is discussed in Section 6.2.3.1, exhibits an
overall LMvvFC response that is superior to the MRAC, since the fixed controller is
not sign-sensitive.

An additional experiment is conducted in which Tasks L, J, H and I are
implemented wiih the sane fixed controller. The fixed controller gains are learned
in Task E, and the resutL; are displayed in Figure 6-13.

>. 19.0

•18.8 _ TaskJ(1 01sec)

18.6 . 1 ask H (1,29 sec)
- a:;k I(I G5 sec)

18.4 - TaskL(1.17sec)

178.

17.6 "

17.4 ".

17.2.

-1.0 -.8 -. 6 -.4 -. 2 .0 .2 .4 .6 .8 1.0
x

Fixed From TASK E
0 Figure 6-13: Single Fixed Controller for Multiple Tasks

In these examples, path deviations are larger than those resulting when
individually learned I.MFC!s were used (e.g., in Figure 6-13, .he deviation for Task
L is 0.35 inches, compared with 0.15 inches for the same task in Figure 6-10 and
in). This suggests that a single fixed controller cannot achieve uniform response

over a broad range of tasks.

3. Rise-Times: Generalizations cannot made concerning LMFC vs. 1MRAC rise-

times. rhe IMFC rise-times are faster than the MRAC in seven out of ten trials.
The adaptive controller tends to be slower than the fixed controller due to

transient identification errors.
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6.2.3. Independent Adaptive Control Problems

In the path performance summary in Section 6.2.2, it was explained why transient

identification errors will generally occur for SISO control of coupled systems. In this section,

other problems associated with independent adaptive control of a feature coupled system are

clarified. These problems, which can affect transient response performance, include:

" Adaptive Controller sign-sensitivity; and

" Feature/joint assignment.

A coupled controller would not exhibit similar problems. Algorithms for coupled controllers,

and their relative computational complexities, are advanced in Chapter 8 for future research

evaluation.

6.2.3.1. Sign-Sensitivity

It is demonstrated, in Section 5.3, that the MRAC controller is sign-sensitive. That is, the

identifier sets the sign of the estimated gains to ensure a stable negative feedback system

(assuming control of a SISO process). In a coupled system, the SISO identifier sets the gain

signs, of estimated equivalent SISO models, to drive each identificatici-error to zero. It is

shown below that, momentary changes in sign can degrade performance by causing an axis

to reverse direction and/or decelerate. When the estimated sign switches again, it takes time

for the system to recover from the axis reversal due to its momentum in the opposite direction.

At the lower sampling-to-bandwidth ratio, it takes a longer time to recover since the axis can

travel further and gain more momentum during the longer sampling interval. At the higher

ratios, the system recovers faster from subsequent identification-errors.

Sign-sensitivity effects system performance in Task H. In this example, the Y-axis starts out

in the correct direction, but then momentarily reverses its motion. The trajectory and the
A

estimated gain for the length feature, b1 lenth(k), are disp!ayed in Figures 6-14 and 6-15 for

the two sampling-to-bandwidth ratios. At the lower sampling-to-bandwidth ratio (T = 0.033 sec

and f-/fW 20), the effects of sign-sensitivity are accentuated. Durinj the initial phase of

control, both axis start out in the correct direction (i.e., in such a away as to reduce the

feature errors). Over the initial sampling inteival, the axes move by

A.X -0.025 inches and AY= 0.01 inches

The change in the lengthi feature, as specified by the sensitivity map in Figure 6- I becomes:
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Figure 6-14: Sign-Sensitivity (T = 0.033 and fs/fBW = 20)
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Figure 6-15: Sign Sensitivity (T= 0.013 and f/fBw=51)

= r DIA + ength AY f SF
englh xY

SC((0.05) X (-0.025) + (0.09) X (0.01) } 2500.

= -0.875

0! .. - .: . . .: -. .. : . . .. : . . . .



173

A

Since AY>O and Al egth<0, at that instant b, is forced to be negative, driving the Y-axis in

the opposite direction.

Strategies which can be used with the independent MRAC controller to counter these

effects, include:

A

* Clamp sign: experiments are conducted where the sign of the gain term b1 is
forced to that of the corresponding sign of the diagonal term of the sensitivity
matrix. This leads to smooth and stable performance, but the generality of this
strategy needs further investigation.

o Higher sampling-to-bandwidth ratios: the higher the ratio, the faster the recovery;
and

* Fixed control: s;ign insensitive.

6.2.3.2. Feature/Joint Reassignment

Trajectories which cross boundaries of change in diagonal-dominance correspond to Tasks

K and L. In these ca:ses, a fixed feature joint assignment (i.e., X-axis--Xcog, Y-axis,-Iength)

produce stable systems with acceptable transient responses, at the higher sampling-to-

bandwidth ratio (T=0.013 sec and fs/fBw = 51). At the lower sampling-to-bandwidth ratio

(T = 0.033 sec and fSfbw =51), poor transient response can cause the line to go OVF. The

effects of switching the feature/joint assignment at the boundaries of predicted reassignment

are examined in this section. The experiments demonstrate that potential improvements in

performance can be gained by assigning features to minimize D(k), and thereby reduce

coupling. If a trajectory crosses a boundary of change in diagonal-dominance, without

reassignment of features, path performance can degrade and the system can be unstable,

especially at lower sampling-to-bandwidth ratios. The effects are more pronounced for

systems with nonlinear kineamtics (in Section 6.3), independent of the sampling-to-bandwidth

ratio.

The feature/joinf :assignment simulations are implemented using the analytic derivations

of J(Xrel), and assuming that X reI is known. A fixed feature/joint assignment corresponding to

X-axis--l ength '(-axis,--Xcog is also evaluated.

The response for Task K, at the lower sampling-to-bandwidth ratio (T = 0 033 sec and

fsaBw =20) and with the fixed feature/joint assignment, (corresponding to X-axis--Xcog,

Y-axis,--Ie t),is shown in Figure 6-16. The system is unstable with the fixed the feature/joint

*
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Xcog/X-axis (.33 sec)
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17.4

17.2 .
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16.8.
-1.4-1.2-1.0 -. 8 -. 6 -.4 -. 2 0

X

IBVS: TASK K

Figure 6-16: Feature/Joint Reassignment (T = 0.033 and fs/fBw= 2 0 )

assignment. The line goes OFV in the initial trial, and in second trial (not shown) exhibits even

poorer responi;e (i.e., oscillation) before the line goes OVF. Figure 6-16 also includes the

response for the second trial of an experiment for which feature/joint reassignment is

implemented at the switching boundary. In this experiment, control is halted when the camera

reaches the boundary (and it is assumed that control can be stopped instantaneously by

manual braking). At this point, the current state of the identifier, including the estimated

parameter vector and gain matrix, are held for subsequent use. The feature/joint assignment

is then switched, and the identifier is reinitialized, since the dynamics associated with each

feature from the first part also switch. Control then proceeds until the completion of the task.

At the end of the task, the identifier state is again held for use on subsequent trials in this

regiun. The task is run again, but with the identifier initialized to the previously held states.

With this strategy, the line stays in the field-of-view, the system is stable, and the trajectory

exhibits acceptable transient performance. 13y switching the feature/joint assignment, the

coupling in the desired view decreases from D = 0.95 to D = 0.39. The improved stability is a

result of the feature/joint reassignment, and not just the stop and then startup again action.

This is verified by stopping the system at the boundary of change of diagonal dominance and

then restarting it, without switching the feature/joint assignment. In this example the line still

goes OFV. Improved performance is thus achieved by the apparent -eduction in coupling

gained by the feature/joint reassignment.

The feature/joint reassignment experiment was also implemented at the higher sampling-to-

I.

. . .. ,!
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1.2-1.0 -. 8 -.6 -.4 -.2 .0 .2
X

IBVS: TASK H

Figure 6-17: Feature/JointReassignment(T=O.O3sec and fs/fw =51)

bandwidth ratio (see Figure 6-17). There is improvement in path performance, but the rise-

time is larger due to model reinitialization at the switching point.

Task K is also evaluated with the opposite fixed feature/joint assignment corresponding to
X-axis-Ie Y-axis-,X . This assigument forces D= 1.62 in the initia view, which is

ength'

almost two orders of magnitude larger, than for the opposite assignment. This system is

unstable, even at the higher sampling-to-bandwidth ratio (f /fBW). It could be stabilized by

running it at a very high sampling-to-bandwidth ratio, by reducing the sampling period to

T = 0.003 and fs/fBw = 220, but the transient response is poor (i.e., oscillation).

Task L is also evaluated using the feature/joint reassignment strategy. While the path

deviation is slightly larger, the rise-time decreases. A fixed assignment corresponding to
X axis'-(, Y-axis4--X co is also implemented. The system is stable, but the transient response

cg

is poor (i.e., oscillation).

While the -witching strategy used in these experiments is static, in the sense that control is

halted at the switching boundary, the potential advantage of redticing coupling oy

feature/join' ssignment is demonstrated. A method for on-line estimation of J or JW1 is

proposed, in u ,,pter 8, for feature/joint reassignment strategies.

This concludes the evaluation of the 2 DOI: linear kinematic and dynamic configuration. The

* i .i.ml 'i %j i -il -i ll~ii ~ lmi ' ... . . - . .. . . .
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second part of this chapter extends this evaluation to the nonlinear kinematic and dynamic

robot.

6.3. Nonlinear Kinematics and Dynamics

The purpose of this section is to evaluate IBVS control for the nonlinear kinematic and

dynamic system of Configuration 2 (Figure 4-2). The articulated robot arm places additional

demands on the c'ontroller, including nonlinear and coupled kinematics and dynamics. For

the control algorithm to be suitable for an image-based system, the controller mu.t be

adequate as a joint-level controller. The first part of this section evaluates the enhanced SP

MRAC algorithm at the joint-level, and demonstrates its ability to acvhieve stable systems with

good transient response.

The image-based control system yields performances which are comparable to the linear

kinematic system when tasks are limited to small motions. The performance differs from the

linear kinematic system in two key respec :

e For tasks requiring large motions, independent control, of the kinematically
coupled system, can produce relatively large path deviations; and

* For the linear kinematic configuration, P fixed feature/joint assignment is
adequate. In contrast, the nonlinear kinematic configuration requires a
feature/joint reassignment strategy for general implementations, except when the
required task motion is small.

6.3.1. Control of Nonlinear Dynamics

Investigations by other researchers (Section 2.3.1.3) have demonstrated the ability of

independent adaptive controllers to perform at the joint level. These studies have not payed

attention requirements for physical implementation, including computational complexity,

controller saturation, noise, and measurement and computational delays. Morris and

Neuman [Morris 81] developed the SISO hyperstable SP MRAC taking account of these

requirements. They evaluat:E this algorithm for one DOF linear systems, with slowly varying

parameters (without measurnient delay), and suggest that this controller can be exte;ded to

control a nonlinear and coupled robot [Morris 81]. Before proceeding with the evaluation

image-based conirol, this algorithm is illustrated as a joint levol controller (with measurement

delay included). Exhaustive testing and evaluation of joint-level control, which is not included

in this dissertation, remains a subject for future research.

• ,. . .. -.. . . , ., , .- . . , , . . - . - . . . . ... . . .
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Figure 6-18: Adaptive Control of a 2 Dog Robot Arm

Joint level control of the 2 DOF robot arm is represented in Figure 6-18. With the

measurement delay, the independent controller algorithms are inp!enmented according to the

outline in Appendix C, with the exception that the scale factors are given by:

SFT = 0.033 = 100

and

SFT =.oo 3 = 1000

and, the identifier is initialized according to Table 6-2.

P(O) P [hresh 0_(0)

0.033 Diag [10 10 10 10] 1000 [10 10 1.t 0.1]T

T(sec)

0.003 Diag [.1 .1 .01 .01 10 [1 1 1.5 -0.5]

Table 6-2: Identifier Initialization: Joint-Level Control

Some of the experiments are implemented without the muasurement delay. For nd =O, the

controller is implemented accordinj to:

e Control Signal: (3.10)

"°'- °''... .. ''*.' • • ..... ... . ... . ... ... . . . . . ., ... . . , ,= - .o
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• Identifier: (3.4),(3.5), and (3.6)

* Control Penalty: (A.2 1) with -y = 0.99

* SP Reference Model: Appendix A.1

There are simulation errors because of the numerical integrations which comprise the

-" computer simulation of the nonlinear dynamics The relative magnitudes of error are

evaluated by simulating the step-response of each joint, with the other joint locked in a

* stationary position. In this experiment, each joint acts as a censtant linear system, and the

estimated parameter vector should equal the actual vector for the linear systems derived in

Scction 4.4.5.1. This experiment is run at two sampling periods, T = 0.033 sec and T = 0.003

sec. The results are shown in Table 6-3, where the estimated vector is given as its steady-state

value after two corsecutive learning trials. The percentage error is:
A

%,aerror s ) X 100%

While the errors are relatively small, the experiments in Chapter 5, for which the dynamics are

simulat,.d by analytic equations, produce zero error.

6.3.1.1. Joint-Level Control Examples

While exhaustive testing and evaluation of joint-level control is not performed, initial

experimentation, using randor arm configurations, produce stable systems with good

transient response. An example is presented which demonstrates the ability of ihe MRAC to

achieve satisfactory performance under demanding conditions which include:

1. High joint velocities and accelerations;

2. Control signal saturation; and

3. Measurement delay.

The experiment is set-up as follows:

a Sampling Period: The sample period, T 0.003 sec, corresponds to the value
used in present state-of-art robots.

* * Reference Model Bandwidth: A large bandwidth, wn = 44.5 sec 1 , produces high
joint speeds (for step-inputs), and produces control signal saturation. This
bandwidth corresponds to a sampling-to-bandwidth ratio of fs/fBW = 47.

e Task: Run four 7onsecutive adaptive trials (i.e., without reinitialization of the
identifier between trials), with step-inputs and varying pay loads according to:

0I

--------------------------------------------- p*~
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T=0.033 sec
=): 9.5 sec I  (fs/fw : 20)

e (Step-input: 0-90 w/e 2 = 950) , (0-90')

3 , ' rdc 1' I rdI /. Ld or

b1  4.75918 4.75936 0.003 12.546479 12.5,16479 0.0

b,, 3.86649 3.86659 0.002 8.47888 8.47911 0.002

al j .53561 1.53524 0.02 1.30493 1.30492 0.0007

a, -0.53490 -0.53524 0.06 -0.30493 -0.30492 0.003

T=0.003 sec
w,= 44.51 sec 1 (f, /fw : 47.05)

(Step-input: 0-90 w/e 2 = 95') E)2 (0-90)

/5 /
3

actLi1 . ,'1O," /.3.LJI ,lr

br 0. 47040 0.47042 0.004 1.43257 1.43257 0.0

12 0.46156 0.46159 0.006 1.38191 1.381934 0.001

a, 1.94480 1.94476 0.002 1.89766 1.89765 .0.0005

a? -0.94473 -0.94476 0.003 -0.89763 -0.89765 0.002

Table 6-3: Nonlinear Dynamic Siniulatlon Error
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Payload (lbs.) -lret (deg) a-2-ref (deg)

Trial 1: 2.5 -21-444 155--+90
Trial 2: 5.0 44--21 90--+155
Trail 3: 5.0 -21--44 155--+90
Trial 4: 2.5 44- -21 90- 155 (6.6)

This particular set of sampling periods, bandwidth, and arm configurations are also useful

since they correspond to values which are evaluated, in Section 6.3.3, Under imaged-based

control.

The position responses are displayed in Figure 6-19, and the control signals and torque
12components for the second and third trials are displayed in Figures 6-20 and

6-21 respectively. The components of torque are defined in Section 4.4.2 as:

Joint 1

D0 l0"' Inertial

D 1282• Inertial Coupling

D 10 02 : Coriolis

D12202 Centrifugal

22
Joint 2

D2 0• Inertial Coupling

D2202 : Inertial

D 0: Centrifugal
211 1

The torque plots verify that the dynamics include non-negligible coupling and nonlinear

components. Examples for two trials are shown to demonstrate the different contributions

which arise from arm configuration dependence. In the second trial, the inertial coupling

terms contribute significantly to the net torque during the initial accelerations. As 02

increases, D,2 (Section 4.4.2) decreases with the the cosine of 02' Thus, during the final

deceleration, there is a smaller contribution of inertial coupling. The opposite effects are then

observed in the third trial. The Coriolis and centrigual torques are non-negligible in both

cases.

12l

12Each is run for 3 seconds, but only 0.5 or 1 second of data are shown (or clarity and detail.

,=
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Figure 6-19: Joint Level Nonlinear Dynamic Control

In these examples, the full-parallel errors exhibit large transient tracking errors. The

maximum errors are summarized in Table 6.4 for these and similar experiments which are

discussed below. In Case 1, the large error is due primarily to saturation and control penalty,

since identification errors are relatively small. The experiment is run again (Case 2), but at a

smaller bandwidth (w n = 9.81 sec 1 ) to reduce the total time of saturation. The error is reduced

by lhalf, and most of the remaining error results from the large control penalty required by the

measurement delay. It is observed that larger pole bounds, and thus smaller penalties, could

be used for these joint level controllers. The effects of the control penalty are demonstrated

by running the experiment without any measurement delay (i.e., nd = 0), and with the pole

bound set to y = 0.99 . In this example (Case 3), there is a dramatic decrease in the full-

parallel error. Momentary saturation remains, and small identification errors remain. To

reduce further controller saturation, two experiments are run with smaller motions. At the

larger bandwidth (Case 4), saturation rernains, and at the smaller bandwidth, there is no

saturation. The identification errors are thus responsibl! for the remaining tracking error.

The small errors suggest that, for high precision tracki'.g, further compensation (e.g.,

feedforward control) may still be required.

A fixed LMFC is also simulated for the four consecutive tasks in (G.6). Each task is run with

the identifier fixed to the estimated parameter vector learned in Trial 3. The LMFC

- . . . . . .. .. . . - . ..... - - -.-- - - - .- .- -.. - -.
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Figure 6.20: Torque Comiponents for Second Trial
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-21-'440 - 40_b45o
i ~E)2: 155-900 ° ,• 95-90

Case 1: (n,= 1) Case 4: (n = 0)
,-- 441.51 ( Y= 0.65) ( r= 0.99)

(r=0.003) eFP-1 45 0 e p,,_ 0. o

e IP2 35 erP. 0.3

Case 2: nd I (sV 3: " 1 ) Case 5: (n,,= 0)

.. 9.81 0.65) y - 09) ( =  009)

e 9T.03) FPFP IeF, 1 0.01
.1p_ 1 , 0

1 -e 12 0. 14

Table 6-4: Jc.it Level Control: Maximum FP Errors

performance (not displayed) is negligibly different from the MRAC. Performances may be

comparable since saturation occurs for a significant percentage of time for both the MRAC

and LMFC. Since the control signal is the same for each controller during this period, the

position response must also he the same during the saturation interval. To evaluate the

contriDution of controller saturation, a smaller motion task is simulated (witll 0: 40- +45 (log

and 02:95-.90 deg) to reduce saturation effects. The identifier is fixed to values learned from

the irst adaptive trial in this configuration. In this case there is only momentary saturation.

but both fixed and adaptive performances are still comparable. Another possibility for

comparable performance is that, at the high bandwidth, the sensitivity of the fixe:d controller

to apparent external disturbances and parameter variations is small. To evaluate this, the

small motion task is rui again, at the smaller bandwidth to,, = 9.81 sec 1. The idcntitier i.; fi'ed

to values learned from the first adaptive trial in this configtiration, and at the smaller

bandwidth. The position responses, displayed in Figure 6-22, show that the MqAC performs

better at the lower bandwidth, consistent with the results of Chapter 5. The LMFC still exhibits

good transient respnnse and the overall performance is not significantly poorer than that of

the NiRAC. Another factor accounting for to the satisfactory LMFC response may be
I

attrbtited to the heavy gearing, which attenuates the changes in torque reflected back to the

motor, although it does not change their relative cor~tributions.

While further research is required for conclusive tvaluations of adaptive and fixed joint level
control, these limited experiments have the foll,,inq significance:

I
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44.0 94.0
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fixed LMFC

42.0. adaptive 92.0
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time time

Figure 6-22: Fixed vs. Adaptive Control at Joint level

1. Consistent with work by other researchers, these experiments suggest that
independent adaptive controllers can identify equivalent SISO plants and achieve
stable systems, with acceptable transient responses, when the plant dynamics
contain non-negligible dynamic coupling and nonlinear torque components.
While gearing reduces the magnitudes of change of torque components reflected
back to the motor, their relative contributions remain the same. To the best of the
author's knowledge, this the first demonstration of an enhanced MRAC (i.e., SP
MRAC, with control penalty and measurement delay) for robot control.

2. The robot arm is controlled without a'priori knowledge of the physical system
(making this an attractive approach for industrial applications). MRAC provides a
means to derive a fixed control law which displays good stability. Typically, fixed
control law implementations require manual tuning to achieve suitable
performance.

3. While the adaptive controller can achieve smooth and fast responses, transient
lull-parallel tracking error could not be driven to zero. Tasks which require high
precision tracking capabilities (e.g., seam welding) will require further control
signal augmentation, supplied by a feedforward controller. It remains to
determine whether a coupled adaptive control law can achieve superior
performance.

• ~~~~~~~~~~~~~~~~~....... . ..............- ,-.. o..-.. • • o - °. •..•. ..... .

-, • -~~~~~~~........ ......-....................-......... ...,,,-.,- .".... ....--.- . . ..,-:
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6.3.2. Sensitivity Analysis

The sensitivity matrix, in (2.7), for the nonlinear kinematic configuration is

J() = -Jifeal(Xre) Jarn(.)

and the feature sensitivity matrix, Jfeat' is defined in (6.1). The arm jacobian, Jarm in (2.5), is

ax ax

= OK(9) 1o a2
arm =  a =

ad
1 82

From (4.13), the direct kinematic solution, K(f) in (2.5) is

x = r2cos(0 1 +0 2) + rcosd1
y= r2 sin( + 82 ) + r sind,

2 1 2
and includes the tool or camera mounting transform.

Maps of the sensitivity matrix are made for the visual servoing tasks which are presented in

this section. The tasks, represented in Figure 6-23, are equivalent to linear kinematic

examples with respect to both the initial and desired relative Cartesian coordinates. The
feature sensitivity map for the smaller motion tasks (i.e., all except Tasks V and W) is

displayed in Figure 6-24. For this set of tasks, the matrix elements are continuous and

nondegenerate. When the arm is in other configurations, which are kinematically degenerate

(i.e, det[Ja] =0 ), the system is dege- rate. For example, when the arm is fully extended
arm

(i.e., 82 = 0 ), det[J1ri] = 0, which indicates the transition from the "elbow-ups" to "e;bows-

down" joint configurations. At the joint level, these represent non-unique solutions, but not

affect the final Cartesian task coordinates. With respect to effects on dynamic control, such a

system cannot (in general) be uncoupled, even when using a coupled controller. Control

evaluation of tasks which might traverse such boundaries are not presented in the

0 dissertation

For the smaller motion tasks, sensitivity changes are similar in magnitude to the equivalent

linear kinematic examples. Over larger distances (e.g., Tasks W and V), the changes are

significantly greater in the nonlinear kinematic configuration, as illustrated in Table 6-5, which

compares these changes for Task W and the equivalent linear kinematic Task N. The table

indicates the change in sensitivity from the initial to the desired view, and compares it both as

a percentage and ratio. By either measure, the nonlinear kinermatic configuration exhibits
significantly larger changes. It is therefore expected that even higher sampling-to-bandwidth

ratios will be required for control of large motion nonlinear kinematic tasks.

0
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TASK N TASK W
(I _i_ _r Kinuatc.) (flon1inedr Ki inat i s)

- Jfes i red d~es i red

_initial initial

J 840 9.4 4300 44

J21 150 2.5 720 8.2

J 8300 84.0 5.IXtO 6 5061

J 6400 65.0 7300 74.0

Table 6-5: Nonlinear vs. Linear Kinematic Sensitivity Change

6.3.2.1. Feature/Joint Assignment

The nonlinear kinematic configuration is dynamically nonlinear, and a transfer function
matrix W can be only be obtained by linearizing the dynamics about a nominal trajectory, or

P
by estimating equivalent linear input-output transfer functions. For the purpose of calculating
a coupling index, a imear mode is generated by neglecting the Coriolis and centrifugal
torques, and assuming the inertias are constant for any paiticular arm configuration. For

small motion tasks, the Coriolis and centrifugal torques a,'e shown (in Section 6.3.3.1) to be
negligible. For large motion tasks, neglecting these terms is not an issue since the SISO

controllers are shown to be not acceptable (in Section 6.3.3.2) even for control of linear
dynamic models. The transfer function matrix, from (4.14), (4.15), (4.16), and (4.17), is:

= (r,l S+1) K12('.12s 11

2~(r 2S+J~p S) 2 1(lr2,s + 1 K22(-r22S + 1)i

where

A 21 A ll1

A AA21 22 11

. J1 D22 + JIAJ 12 D1 2 A -j1D01 +jl 2 A13 "J1 D121"1 23 1 Z T 12 11--11 1

JI1A22 j12 A 12

..
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Ji D2 +j J A 23"JUD12 .. J22D I + J.22A13'J21 Ds12

21 ~22- + 2 A 3 j 1 1J2 A22 "j 22A22

K1~-ii K~... K2A A. -'12(Kti :W +R a Ai3 -mi,1 2Ail-: .; 2- i1 Ra +

and the characteristic polynomial A(s) is
s2

A(s) ((D, + A 3)(D22 + A23)-D 2 1s 2  (6.7)
+ (A22(D 11 4+ A 3 )+ A, 2(D22 + A23))S+ AI2A22 ]

To calculate the coupling index D(JWP), the magnitude of JWp is derived using the DC gains

K11, K12' K21, and K22. This is justified since the maximum time constant of the characteristic

equation (6.7) for the arm configurations in Figure 6-23 is 51 msec, while the observed

position rise-times range from 0.18 to 0.28 seconds. (While the feature rise-times are not

recorded, feature rise-times are even larger, according to the analysis in Section 5.4.)

The feature/joint assignment map is also displayed in Figure C-24. For these examples, the

specified assignments are:

Xcog 1

and

length #-02
. over the entire displayed region, and this assignment also holds for all line angles (Oobi). In

contrast to the linear kinematic configuration, this assignment does not hold over large

regions. For other arm configurations, the opposite assignment is observed. For example, in

the sensitivity and assignment maps displayed in Figure 6-25, there is a boundary where the

assignment becomes
X -cog 2

and

lengh 0 1

As the line angle decreases, the later assignment holds over the entire displayed space. In

contrast to the linear kinematic configuration, a fixed feature/joint assignment is not

predicted for large regions of control. The performance when crossing such a boundary, and

its effect on implementation using independent adaptive controllers, is discussed in Section

6.3.3.3.

6
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6.3.2.2. Path Constraint

Implementation of a path constraint strategy for the nonlinear kinematic configuration

requires sensitivity analysis of the arm jacobian according to Section 2.5.3 . This analysis

shows which joint level degrees-of-freedom dominate motion in Cartesian space.

The path constraint strategy is analyzed for the tasks represented in Figure 6-23. A map of

the arm jacobian and of the Cartesian/joint assignment is displayed in Figure 6.26 for the

closer range motions. This assignment map is derived by organizing J,,,, to minimize D (i.e.,

in (2.9), JW is replaced with Jarm). For this particular arm configuration, 0, dominates X, and

from the feature sensitivity analysis of Jfeat' X dominates Xcog. The hierarchy for this

configuration is shown in Figure 6-27.

6.3.3. IBVS Evaluation

The visual servoing tasks evaluated are represented in Figure 6-23. The smaller motion

tasks (i.e., all except Tasks V and W) are discussed (in Section 6.3.3.1), seperately from the

larger motion examples (in Section 6.3.3.2), since significantly different results are observed

in each. Examples of tasks which have trajectories that cross boundaries of diagonal

dominance are discussed (in, Section 6.3.3.).

Preliminary simulations, which are implemented with a reference model bandwidth of

-n=9.5 sec " and T = 0.033 sec (or fs/fBW = 20), are stable, but exhibit poor transient

response. In contrast, when the equivalent linear kinematic tasks are implemented with these

values, smooth trajectories result (in the forward trajectory and across regions where fixed

feature joint assignment is predicted). The problem is isolated to insufficient sampling-to-

bandwidth ratio required for suitable identification, and it appears that the added kinematic

coupling is responsible. To demonstrate this, the following experiments are simulated for

Task S:

1. To verify that the nonlinear dynamics are not the source of the problem, direct
joint-level control of the robot arm (in this configuration and with the same
bandwidth and sampling period) exhibits accepatble transient response.

2. To assure that the combination of nonlinear dynamics and kinematics do not
cause the problem, the visual servoing task is simulated with uncoupled and
linear dynamics according to Section 4.4.5.1 . The response exhibits poor
transient response.

3. A fixed LMFC, which does not include an on-line identifier, is implemented using

0=
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Take Picture
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Figure 6-27: Hierarchy for 2 DOF Nonlinear Kinematic Configuration

the steady-state parameter vector learned from an initial adaptive trial. The results
are shown in Figure 6-28. While the adaptive system displays a poor transinet
response, in both the first and second trials (second trial shown), the LMFC
produces a dramatically improved response (i.e., reduced oscillation, and close
to monotonic motion).

4. It is verified that the sampling period, T = 0.033 sec, is not too small relative to the
robot dynamics (i.e., the time constants associated with the characteristic
equation (6.7) are 18.1 msec and 48.9 msec, at 82= 90.2 deg), and that the
sampling-to-bandwidth ratio is the important parameter. The task is run with the
nonlinear dynamic simulation, and with a smaller bandwidth Wn = 4.39 sec "1, so
that f,/fBw= 43. This results in an acceptable transient response.

The significance of these experiments is that a sampling-to-bandwidth ratio of at least

fs/fBW - 45 is required for adaptive control with nonlinear kinematics. In addition, these

experiments suggest that a fixed controller is more suitable for control when physical

implementation requires smaller fs/fBW ratios.

SB
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Figure 6-28: Fixed vs. Adaptive: T=0.033sec and fsB/fw = 20

6.3.3.1. Small Motion Trajectories

This section includes a summary of the control performance for the small motion

trajectories represented in Figure 6-23. The evaluation is based on simulations using T = 0.003

sec and wn = 44.51 sec 1 (fs/fBw = 47). The smaller sampling period permits a larger banwidth

to be specified, which leads to faster speeds and accelerations. This accentuates the

magnitudes of the coupled and nonlinear dynamics, testing the MRAC's ability to operate

under these demanding conditions. The fixed feature/joint assignment for this configuration

is described in the sensitivity analysis in Section 6.3.2.1. The experiments conducted for each

task match those for the linear kinematic configuration. That is, after each initial adaptive

learning trial, a fixed LMFC is implemented using the steady-state estimated parameter vector.

The path constraint strategy is implemented with the controller fixed for 6 sampling periods

during the level transitions (Section 6.2.2.). The resultant trajectories are displayed in Figures

6-29 and 6-30.The torque components for the adaptive control of Task P are displayed in

Figure 6-31.13 This representative example demonstrates that there is significant inertial

coupling, but the Coriolis and centrifugal torques are negligible for these shorter excursion

tasks.

13While each trial is run for 3 seconds, only 0.4 seconds are shown.

-I
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Figure 6-31: Torque Components for TASK Q (MRAC)

Observed performance of the small motion trajectories qualitatively match those of the

!inear kinematic configuration. In summary, these observations are:

1. Stability: All tasks simulations are stable, with accepatble transient response, and
zero steady-state feature and positional errors.

2. Parameter Identification: Steady-state identification errors go to zero. Transient

errors approach zero before the steady-state positions are reached.

3. Path: In each case, smooth trajectories are achieved, which deviate from the
predicted path. Path deviations are not consistently smaller or larger than for the
equivalent linear kinematic configuration.

* Tasks Z and R exhibit relatively large deviations, which result from the nonlinear
kinematics (and not the nonlinear dynamics or the combination of nonlinear
dynamics and kinematics). To verify this, Task Z is simulated with a linear and
uncoupled dynamic plant model according to Section 4.4.5.1 (with 1 m = 0.058 sec
and Tm = 0.027 sec) with similar results.

4. Rise-times: The adaptive rise-times are sluggish, relative to the predicted

-0 . . .? . . -... ,? - .:.? . .'.'." ..-. .7- ." - " .-. ' ...,. . .. . ,. '. .- . . ' ,. " '. ' -,.. "-'. . .
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response. As noted for the linear kinematic trials, no attempt was made to
optimize the controller pole-bound, y, which is kept constant throughout the
experimentation. In practice the control penalty can be reduced as the sampling-
to-bandwidth ratio increases, resulting in faster rise-times.

5. Path-Constraint: When the object is centered in the image, the path constraint
strategy produce smooth controlled motion toward the X-axis. While this
technique is useful for this particular set of arm configurations, more exhaustive
testing is required to determine its application in other configurations and
geometries. Limitations of this strategy are accentuated in the larger motion
studies.

For the fixed LMFC control:

1. Stability: With the exception of Task Q, the LMFC systems are stable. with good
transient response, and zero steady-state errors. In Task Q, there is a small
oscillation toward the end of the trajectory.

2. Path: Maximum path deviations exceed the adaptive path deviations.

3. Rise-times: No generalizations can be made concerning fixed vs. adaptive rise
" times. Consistent with the linear kinematic examples, the LMFC tends to be faster

that the MRAC in most of the trials.

6.3.3.2. Large Motion Travel

The experiments presented in this section demonstrate that IBVS control of nonlinear

kinematic configurations, for tasks requiring large motions, may not be suitable unless

coupled controllers and extremely large sampling-to-bandwidth ratios are used.. The

evaluations also show that fixed control and the path constraint hierarchy strategies are not

suitable for such tasks. With the exception of the fixed controller applicability, these

conclusions oppose those for the linear kinematic configuration. What are the possible

differences between these configurations which account for these observations? With

respect to the linear kinematic configuration, the nonlinear kinematic configuration:

1. Exhibits significantly larger changes in sensitivity over the longer distances[- (Table 6-5);

2. Has nonlinear and coupled dynamics; and

3. Is kinematically coupled.

Of these differences, it is shown below that the coupled kinematics ultimately limit the use of

independent controllers in an IBVS system.

Tasks V and W were simulated with values of fs/faw and T used for the small motion studies.
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The simulation of Task V produces a smooth stable motion, with a deviation from the

predicted path of 1.21 inches on the first trial (and 1.01 inches on the second trial). However,

in Task W, the line keeps going OFV due to poor stability. For both examples, the predicted

feature/joint assignment is verified to be fixed at Xcog,-0V, using analytic measurements

along the trajectory. The ability to control Task V may be attributed to

1. Its change in J21 ' which is two orders of magnitude smaller than in Task W; and

2. Its smaller coupling in the initial view (i.e., DTask V = -0.002 vs. DTask W = 0.657
(Chapter 8 includes a systematic study of performance as a function of coupling.)

In neither task would a fixed LMFC keep the line in the field of view.

Further evaluation of Task W isolates kinematic coupling as a source for independent

control. It is verified (in Section 6.3.1.1) that the nonlinear dynamics, for this arm

configuration, can at least be controlled at the joint level. Next, it is verified that the

combination of nonlinear dynamics and kinematics is not a problem. Task W is simulated with

linear and uncoupled dynamic plant models (with -t1 = 'm-2 = 0.1 sec in Section 4.4.5.1.), and

the line still goes OFV. The sampling-to-bandwidth ratio fs/I is increased to 415 by keeping

T = 0.003 sec and decreasing the bandwidth to w = 5.03 sec". The resulting trajectory, on the

second trial, is displayed in Figure 6-32. The trajectory exhibits a relatively large deviation

from the predicted path. The deviation is due partly to the presence of control signal

saturation in the first joint, but not the second. Thus, 0, which dominates motion in the X

direction, cannot drive the camera toward that axis. However, it is verified that the

contribution of saturation to this deviation is minimal, by simulating the task at a lower

bandwidths. At the lower bandwidths, saturation does not occur, but the camera's path still

exhibits a relatively large deviation from the X-axis of 5.3 inches (compared with 5.8 inches at

the higher bandwidth).

The hierarchical approach could not be used to offset these large path deviations. Failure of

the hierarchical strategy in the nonlinear kinematic configuration results from the inherently

poor trajectory performance. Over the larger distance of travel, the constrained joint (02)

tended to be cyclically activated, and then braked, to keep AX within the error bounds.cog

Frequent switching, back and forth, between levels of the hierarchy results in jerky motion.

Such motion cannot be tolerated in a practical robot because of the vibrations and

The first trial goes OFV since the parameter vector initialization is too large, ,and P(O) is increased to
Di.t 1 u1 11. The net time indicated for this trajectory (3 seconds) cot respond., to the maximum time that the
simidator can run at T =0.003 sec.

i•

. -. .. .
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Figure 6-32: Nonlinear Kinematics: Large Motion Travel (fs/fBw =415)

mechanical resonances which would result. (In the smaller motion tasks, there is only a single

transition between levels.) Further, in these large motion examples, it is difficult to select a

combination of controller parameters (e.g., P(O), e, and the number of fixed transition cycles)

which would even produce a stable response under these frequent switching conditions.

These experiments demonstrate that, independent IBVS cootrol of nonlinear kinematic

configurations, which requirie large motions, can produce large path deviations. While path

deviations may be tolerable for for tasks requiring small motions, over larger regions of

control there are increased risks of collisions with other obstacles in the region, and it is more

difficult to keep the object within the camera's field.of-view. Implementations of IBVS control

of nonlinear kinematic robots will require coupled controllers, using relatively large sampling.

to-bandwidth ratios. Alternatively, independent controllers may be used if the robot

kinematics are first uncoupled by using a dynamic image-based "Look & Move" structure.

6.3.3.3. Feature/Joint Reassignment

Analysis and evaluation of the 2 DOF linear kinematic configuration suggest that a fixed
feature/joint assignment is satifactory for control of such a system. In contrast, the

sensitivity analysis in Section 6.3.2, and the example presented in this section demonstrates

that, when individual degrees of freedom do not coincide with the camera's frame (e.g. a

.1
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nonlinear kinematic configuration), a fixed feature/joint assignment is not generally suitable.

The sensitivity analysis shows that the arm jacobian dominance, and therefore overall

sensitivity dominance, changes with the arm configuration. This section evaluates motion

across a boundary of diagonal dominance change. The experiments suggest that. when

crossing such boundaries, a fixed feature/joint assignment can only be used if the required

motion is relatively small.

A task which requires crossing a boundary of change in diagonal dominance is represented

in Figure 6-33. The task is simulated with three strategies:1 5

1. Fixed feature/joint assignment : 0 2*--X (corresponds to assignment predicted
in desired view); cog

2. Feature/joint reassignment: at boundary of diagonal dominance change; and

3. Fixed feature/joint assignment: -xcog (corresponds to assignment predicted
in initial view).

0
SOobj 45

(12.31)

/ 0

k490) 40(11.84.' 28.58) (13.04T2J8.58)

D = .145 D = .349

* 15.34 12.3948

.74 -1.0 1.59 5

Figure 6-33: Nonlinear Kinematic Feature/Joint Reassignment Task

The resulting trajectories for the first two strategies ore displayed in Figure 6-34. The

feature/joint reassignment trajectory exhibits a smaller path deviation. In the third strategy

(not displayed), which is satisfactory for the configurations evaluated in Section 6.3.3. 1, the

15 These simulations use the controller parameters specified for the small motion tasks in Section 6.3.3.1.

..0, , . ; " , . .. ' , - - - .. - . . - " , . .
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Figure 6-34: Feature/Joint Reassignment (Nonlinear kinematics)

line goes OFV due to large path deviations. For all cases, the fixed LMFC causes the line to

go OFV due to large path deviations.

It would not have been suitable to implement this task using a feature/joint assignment

based on the sensitivity in the initial view, since the line goes OVF. In practice without an

on-line estimation of JWp, the sensitivity in the initial view is all that can be determined from

measurements preceeding the start of control. This issue is discussed in Chapter 7. If the

required motion is even smaller (e.g., small corrective tasks), measurement of JWp

preceeding the start of control may be satisfactory. For example, the task in Figure 6-33 is

redefined so that the initial and final arm positions are separated by only 0.3 inches (i.e., 82

47-46 degrees, and 61 is 43 degrees in both initial and final views respectively.) When this

task is simulated with 8 -Xg, the resulting trajectory, which still crosses the diagonal

dominance boundary, is stable and displays an approximately straight line motion.

6.4. Summary

The purpose of this two part chapter is to evaluate independent adaptive control of coupled

two DOF systems. Visual servoing, of.a line in space problem, uses two basic configurations:

1. A linear and uncoupled kinematic and dynamic robot, for which the robot's
degrees-of-freedom coincide with the camera's reference frame; and

2. A nonlinear and coupled kinematic and dynamic robot.
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While image-based control is emphasized, preliminary evaluation of joint-level control of the

nonlinear and coupled plant dynamics is also included. To the best of the author's knowledge,

this is the first demonstration of an enhanced MPAC (i.e., SP MRAC, with control penalty and

measurement delay) for robot control.

The main conclusion which emerges from this evaluation is that an image-based "teach-by-

showing" strategy, using an adaptive control approach, can be used to control robots. Since

this approach cannot be used to control path, it appears to be best suited for precision tasks

which require small corrective motions (e.g., precision assembly, for parts aquistion arid

mating alignment). However, predicted postion trajectories, for at least this simple line in

space problem, are smooth and approach straight-line. This motivates continuing future

research to evaluate more general configurations.

While independent control of the coupled systems achieve stable performance, with

acceptable transient response, and zero steady-state error, potential limitations of this

approach include:

* Independent controllers produce deviations from the predicted path. While
steady-state errors go to zero, deviations arise from transient identification-errors
occuring during the intial phases of control. Path deviations are relatively small,
with the exception of the large motion nonlinear kinematic tasks. For these tasks,
indepenent control is judged not to be suitable due to increased risks of obstacle
collison, and the requirement of extremely large sampling-to-bandwith ratios
(which may not be suitable for a practical implementations.)

Independent joint-level control of a dynamically nonlinear and coupled robot,
using an enhanced SP MRAC and with measurement delay, is stable with
acceptable transient response. The control problem associated with the large
motion nonlinear kinematic tasks is then isolated to the nonlinear kinematics (and
not to the dynamics).

e Independent control requires a feature/joint reassignment strategy for a general
system. While a fixed assignment is adequate for the linear kinemati configuration
(using a sufficiently large fS/fBw ) , the articulated arm configuration requires a
reassignment strategy, unless motion is constrained to small movements.
Boundaries of feature/joint reassignment are successfully predicted by
minimizing the coupling index D (2.9).

* Since the MRAC is sign-sensitive, independent control of a coupled system can
cause momentary large reversals in the axis direction. Large sampling-to-
bandwidth ratios can minimize those effects.

These limitations suggest potential performance advantanges which can be gained by using

coupled controllers.

,. . . - . . . - . - . . ..S- . . . . . " • . . . . . . - " . . , . . - . . .. .. . .' . . - ° . . , . .
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Evaluation of a path constraint hierarchy shows that arbitary use of this hierarchy may or

may not minimize nonmonotonic path deviations. This strategy produces a smooth controlled

path biased toward the X-axis, except for the large motion, nonlinear kinematic tasks. For this

configuration, the large path deviations could not be offset because it is difficult to select a

combination of controller parameters which would yield a stable system under the frequent

switching conditions, and the motion is too jerky for practical systems.

Finally, the MRAC is used to derive fixed LMFC controllers. Relative to the adaptive

approach, the fixed controllers exhibit better transient response at lower sampling-to-

bandwidth ratios, and tend to have faster rise-times. They produce larger path devaitions; are

only suitable for small motion the tasks which have small sensitivity changes; and, a single

LMFC is not suitable for a broad range of tasks.

Only two control features were available for the 2 DOF configuration. In Chapter 7, IBVS

control is extended to a three DOF system, and control is evaluated for multiple candidate

features. Evaluation of a single tank, with different control features, provides a consistent and

systematic study of performance as a function of the coupling index D(JW P).

.I-
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Chapter 7
Evaluation: Three DOF

7.1. Overview

The purpose of this chapter is to evaluate adaptive image-based SISO control of the 3 DOF

configuration described in Section 4.2.3. The simulations described extend adaptive image-

based control to a multi-DOF system which models a real configuration. The evaluation

focuses on the feature selection process described in Section 2.5.2. The diverse path and

time performances, resulting from using different feature subsets, emphasize the importance

of feature selection. The coupling index D(JW ) is demonstrated to be a suitable discriminant

function for selecting among candidate feature subsets. By selecting features which minimize

this index, improved system performance (including both path and time response) is achieved

as D(JW P) decreases. These results are consistent with those observed in Chapter 6 for the

related issue of feature/joint assignment, which uses D(JW ) to minimize apparent system
p

coupling. The suitabilty of using this index as a measure of coupling becomes an important

aspect for implementations of general image-based systems, which will have to select and

assign features.

The evaluation also illustrates the hierarchical and fixed control strategies. The hierarchical

approach not only constrains path motion, but also facilitates the use of SISO adaptive

control by making performance less sensitive to coupling. Adaptive learning trials can be

used to synthesize SISO fixed controllers, whose performance begins to degrade as changes

in sensitivity become larger.

This chapter is organized as follows. In Section 7.2, the candidate features are defined, and

measurement of the system sensitivies is described. The small-signal evaluation, in Section

7.3, uses tasks requiring small motions so that changes in the magnitudes of the feature

sensitivity, J, and thus changes in the coupling index, D(JW P), are also small over the

trajectory. This provides a convenient task for analyzing and evaluating adaptive control

4%
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performance as a function of coupling since D(JWp) remains essentially constant. Larger

motion tasks, with significant chages in J, are evaluated in Section 7.4 to investigate the
suitabilty of selecting features based on coupling in the initial view, and also to show

examples of fixed and hierarchical control. The controller parameters, for the simulations

described in this chapter, are summarized in Appendix D.

7.2. Candidate Control Features

The feature selection process (in Section 2.5.2) asks: How should a subset of n control

features be selected (n = 3), from a set of m features, where m>n? In Section 2.5.2, it was

proposed that the selection may be based on minimization of D(JW P). In this section, m

candidate features (where m = 7) are defined for the control evaluation in Sections 7.3 and

7.4. Measuirement of the corresponding sensitivities is then discussed.

The cube (in Figure 4-13) is sitting in a stable position on top of the turntable (i.e., one of the

cube's sides is flat), and its image is displayed in Figure 7-1.

Figure 7-1: Cube Image

In the figure, each plane or node is, is referenced by the displayed number (e.g. node 6, 4, or

1). It is assumed that the vision system can distinguish the image regions associated with

each node (i.e., connected regions [Agin 79]). The vision system can extract the image area,

A, and centroid, (Xc.,Ycog-i), of each ith node. Combinations of these features, such as

relative areas:

16The origin of node is ielated to a graph structure representation of the image [Sanderson 821

1-
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A.
A. + A.

and sums of areas:

A..-A+A.

can also be considered for selection. It is initially assumed that the features from only nodes 4

and 1 are available, and the candidate features are:

A1, A2' Arel. 1,2, Arol. 2 ,1, A1+ 2 ,  XCog.1, and Xcog.2

There are thus p(7,3)= 210 candidate subsets of ordered features. To limit the number of

combinations which are evaluated in the dissertation, feature subsets are sclected which

include one of each type feature: a center-of-gravity, an area or sum of areas, and a relative

area feature. This combination is chosen because the 2 DOF evaluation (in Chapler 6) has

already demonstrated that the COG and length of a line, analogous to the centroid and area of

a plane, can be used to control depth and position. The relative area feature is added in

consideration of the additional orientation DOF. Feature/joint assignment is described (in

Section 7.2.2) after the discussion of sensitivity measurements (in Section 7.2.1).

7.2.1. Sensitivity Measurements

Preceding the start of control, it is straightforward to measure the magnitude of JW (i.e.,
p

IJW P) in the initial perceived image. With this measurement, the coupling index, D(JW p), can

be calculated for selection and assignment of an initial feature subset. The magnitude of JW

can be measured by independently evaluating J and IW 1. The robot transfer function matrix

is

4 Kn 1
0 0

s( r s+ 1) 27rp

K 1
W(s)= 0 m 0 (7.1)P S('r ~S+ 1) 27rp

m-y
K 360

0 0m
S( rm-0s + 1) 2anil

The magnitude of W is evaluated by assuming that the the open-loop plant time constants,
P

4:.
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T*, are small relative to the closed-loop time constants. This-is justified since the closed-loop

position rise-times, observed in the simulation examples, range from 0.16 to 1.4 seconds17

while the plant time constants range from 0.041 to 0.091 seconds. When, IW I is
P

approximated by its low frequency gain characteristics:

Km in 00
2rp volt

1W p( )l -1 0 K, n 0 (7.2)
P 27rp volt

360K.,(dego odg
2v- volt

This assumption simplifies the calculation of IW I when the exact dynamic model is notp

known. In this case, each term in (7.2) can easily be be measured as the magnitude of the

impulse response for each joint. For the experiments presented in this chapter, the values

used for Km , p, and 17, were derived in Chapter 4. In (7.2), since .o is a common factor, the

evaluated radian frequency is set to w = 1. For higher closed-loop bandwidth systems, it

would be appropriate to evaluate (7.1) at the closed-loop bandwidth w

The sensitivity matrix is

ax aY 218

aA aA aA

ax aY ae

ZIA ZIA ZIArlh rel rel
ax aY ae

and is determined by sequentially moving each DOF by a small displacement and then

measuring the accompanying feature changes:

17The feature control variable rise-times, while not recorod, are even larger according to the analysis in Section

5.4

* . * * .* *- . . . . .- . . * . * . - " *
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AX AX_(n AX.) X- X (in ) --- (in 1) coa(deg 1)

AX AY Ad

AA AA AA

J - -x(in-) - y(in-') -s(deg-') (7.3)

AX AY Ad
AAre A_-el

"-!1-'(-(') / A (in-')z Arel(dleg'l)

The magnitude of the joint displacements (Ax,Ay,AO) are selected by succesive iterative

reduction until successive values of each element of J satisfies

id X 100% < 0.01 %
J.

In (7.3), the dimensions of each element are functions of only the joint variable, since the

features are normalized to the screen and are dimensionless. Each element of IJWp I thus has

the same units (volt 1). This is imperative to be able to compare the relative magnitudes of the
4 sensitivities.

Since the magnitude of the sensitivities can change from the initial to the final image, so can

D(JW p), and the selected feature subset can change along the trajectory. Ideally, it would be

convenient if the relative relationships between the coupling index of each subset remained

constant along the trajectory. Then, only off-line measurements of the sensitivities, made

preceding the start of control, would be sufficient. The 2 DOF evaluation has already

demonstrated that feature/joint assignment can change during control for a nonlinear

kinematic system. The 3 DOF evaluation shows that the selected features may also change.

Thus, in a completely general image-based system, IJW l might be estimated on-line. To

evaluate the use of D(JWp) to discriminate among several feature candidates, small motion

tasks will be specified so that J and D(JW p) do not change significantly over the trajectory.

Thus, measurement of the intial view couplings are suitable. The use of intial view coupling

measurements for larger motion tasks are evaluated in Section 7.4.

7.2.2. Feature/Joint Assignment

All simulations are implemented using fixed feature/joint assignments corresponding to

X 4-X-axiscog
A 4-Y-axis (7.4)
Are 4-"-0axis

2-2
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For each candidate feature subset evaluated, it is verified that these are the assignments

predicted according to minimization of D(JW P). A case where these assignments do not hold

will also be discussed.

The evaluation in Chapter 6 demonstrated that minimization of D can provide a suitable

feature/joint assignment for a 2 DOF system. For three and higher DOF systems, the question

arises: If JW is organized to minimize D(JW P), but partitioned (2x2) matrices of JW are not

each minimized independently, can control problems arise? For the particular 3 DOF

simulations, evaluated in this dissertation, such organizations do not occur. That is, it was

verified that the three partitioned matrices, which result by canceling one DOF and the

corresponding feature on the diagonal of the IJWp I matrix, each exhibit a minimum in

coupling. The partitioned matrices are:

ax ax
ax x

aA ZA
- K -K (7.5)ax x ayj

ax x ao e
-- 'Kx  K 0  (7.6)L ax aA

aA aA I
-K -KayY y  ao

ZIA ZIA IIK K (7.7)
*ay Y ae

where
K 360K

K= K = (in/volt) and K - (deg/volt)
*Kx y 2vp K 20,q

Future research must verify whether minimization inconsistencies between the entire

sensitivity matrix and partitioned (2x2) sections will occur for other configurations. And, if so,

will these limit the use of independent controllers?

,.. -. .. S .. .*.: ; . . .'.:. '; .- ..
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7.3. Small Signal Evaluation

In this section, a task requiring small motions is specified so that changes in the magnitudes

of the sensitivity, J, and thus coupling index, D(JW ), are also small over the trajectory. The

task is specified to have a net displacenent of AX = AY = 0.1 inches for the translational

stages, and AO = 1 degree for the rotational stage. In these examples, the coupling index

D(JW ), for each candidate subset, varies from 0.01 to 2 percent from the initial to desired (or

final) view. Thus, calculation of D(JW ), using measurements of IJW Iin the initial view, can
p p

be used to evaluate performance of the different candidate feature subset selections.

The system performance is evaluated by comparing both path performance and time

response. It was shown in Section 2.5.2.2, that if J is constant, the predicted path (i.e., that

which occurs if perfect model following were achieved) of the translational stages is straight-

line motion. For the examples included in this section, changes in sensitivity are typically less

than 1 percent. The predicted path can therefore be approximated by a straight-line. As

D(JW ) decreases, we anticipate improved model following capabilities of the SISO

controllers, and thus closer to straight-line motion. Path performance will be evaluated by
comparing D(JWp) versus the actual distance traveled, where a straight line path

corresponds to 0.144 inches.18 Time domain performance is evaluated as a function of largest

position rise-time of the three axes.

The task simulations utilize a cube, with its desired image displayed in Figure 7-1, as the

control object. The configuration parameters in Table 7.1 are defined in Figure 4-3.

Focal Length F= 35 mm
a= 45 degrees
R= 30 inches
h = .5 inches

Tobi = [-.5 0 0 (in.), 0 0 0 (Euler-angles)]Desired X-Y-8 stage positions = -.5 (in), 0. (in), 30. (deg)
initial X-Y-O stage positions = -.4 (in), .1 (in), 31. (deg)

Table 7-1: Small Motion Task Configuration

The image of the object in the initial view is not displayed since it appears essentially the same

as in the desired view.

18 (Ax2 + Ay2) 0 5 =o.144

- _ ," i. . ° • ,= • • .-. -• • . . ...o % ° % " " .- - - - . • ., - % • -% - .- • ** , - o. •~ ". .= * ,.,
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A modification of the aforementioned configuration will be used to discuss a case for which

the feature/joint assignment specified in (7.4) does not hold. In this example (which is

dicussed below), the cube is placed on one of its edges by setting
Tobi = [-.5, O, O, O, 45, O]

The camera angle and position are modified to a = 0 and h = 0. The remainder of the

parameters remain as in Table 7-1. The image of the cube in this position is displayed in

Figure 7-2.

Figure 7-2: Cube on Edge

Results of adaptive control simulations, using a representative set of feature subsets, are

summarized in Table 7-2. Discussion of these results will follow explanation of the table

entries.The table includes the feature subset and the performance on the second adaptive

trial using that subset. It was verified, for each trial, that the actual distance traveled are

smooth paths and do not oscillate about a trajectory. The 0-axis trajectories all exhibited

smooth motions with negligible overshoots varying between 0.01 to 0.4 percent. Displays of

sample trajectories will be included with the discussion. The table indicates the coupling

index associated with each feature subset. Additionally, the coupling indices for each of the

partitioned (2x2) matricies, (7.5), (7.6) and (7.7), are calculated. The maximum value for each

subset is indicated, in the table, by D2x2max . The significance of this index will follow in the

discussion of the results. Except for the final experiment, all examples refer to the image

displayed in Figure 7-1. These 17 candidate feature subsets are representative of the 108

possible combinations. Of these, the first 12 correspond to all possible combinations if

features from only two nodes (i.e., nodes 1 and 4) were available. The remainder are examples
of combinations using features from all three nodes.

% V..
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Feature Subset Coupling Performance
Index

Xcog-i Area Are -.j

A, jor A D Dz -m tr(SeC) distance (in)
1. I .

1  i.
i
• ______ _______

4 4 4.,1 1.69 1.64 0.339 0.353
4 4 .4 1.69 1.64 0.339 0.353
4 1 4, i 1.04 0.99 0.321 0.194
4 1 1_ 4 1.04 0.99 0.315 0.194

1 4 4.1 1.69 1.64 0.321 0.374

1 4 1,4 1.69 1.64 0.327 0.373

1 1 4,1 1.04 0.99 0.321 0.218
]L 1 1.4 1.04 0.99 0,321 0,218

4 4.1 4.1 0.82 0.76 0.315 0.217

4 4 . .4 0.82 0.76 0.315 0.216
- 4.1 . ! 0.81 0.76 0.306 0.221

4. 1.4 0 ."8 0.76 0.303 0,221
6 _.I 4 1-0.38 -0.54 0.165 0.1446 6 6,4 .- 0.33 -0.54 0.171 0,144

661 -0,22 -n. - 0.156 0,144
6 6. 4 6.4 0.76 0.70 0.267 0.194
6 6.1 j.1 0.46 7, 1 0.192 0,147

I 1 4.1 0.61 1 0.56 0.270 0.163

Table 7-2: Small Motion Task Summary

The last example, which uses the image of the cube on its edge (Figure 7-2), presents a

situation for which the feature/joint assignment specified by (7.4) does not hold for all of the

image's candidate feature subsets. This example is included to clarify the feature/joint

assignment issue. In this case, the feature/joint assignment for the feature subset specified in

Table 7-2, f = [Xcog-, A1, Arel.4, 11, corresponds to (7.4). However, if the candidate subset had

been f = [Xcog. 1 , AI' Arel-4 ,5], then the sensitivity becomes

_Xcog- I [3.97E-3 2.91E.5 .1.78E-4 [,ux

SA .30E-5 -3.78E-5 -1.50E-4 UySArl4 ] 0 1.69E-8 0. U;

which shows that the relative area feature, Arl, , must be coupled to the Y-axis. The column

organization of J, which minimizes D(JW ), for this case is

og1 03.97E.3 1.78E.4 29E5 u
8Kl°°' 1 .30E5.50Eo4 -3.78E-5

" Lo. 0. 1.69E8 L
re-, i8U)
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The important observations which emerge from the small-signal evaluation are:

1. Stability: The simulations provide further verification of the extension of SISO
adaptive controllers to achieve stable dynamic control of coupled systems. The
systems are stable, with acceptable transient responses, and zero steady-state
positional errors. For example, Figure 7-3, shows three representative
trajectories. The diverse path and time performances, as a result of using
different feature subsets, emphasize the importance of feature selection.

2. Feature Selection: The coupling index, D,(JW ) is a suitable discriminant function
P

for selecting candidate feature subsets to improve system performance. Plots of
coupling index versus path and time performance, for each experiment listed in
Table 7-2, are displayed in Figure 7-4. Minimizing O(JWP) over all potential
candidates produces a fast, straight-line response. The feature subset which
maximizes D(JW ) yields the slowest response, with the largest path deviation.

pAs D(JW ) decreases, both path and time performance improve. Local
inconsistencies are observed, with non-significant differences in performance.
Order of magnitude decreases in coupling yield substantial performance
improvements.

Further analysis reveals that the coupling index of the overall sensitivity matrix,
D(JW ), reflects the dominant internal couplings. Plots of DWx-max are displayed
in Figure 7-5. Plots of D(JW ) and D2x2 max are similar. Using either coupling
measures would have predicted the same selections. The significance of this
observation is that for other configurations and tasks, one of these measures may
turn out to be a more sensitive discriminant function. Future research
investigations should include evaluations based on both measures to determine
which is ultimately more significant.

The small-signal simulations and evaluations show the importance of feature selection, and

the suitability of the coupling index to accomplish this. The following section, which includes

examples requiring larger motions of travel, extends these results to tasks for which variations

in J are significantly larger.

.i.*
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~.25 3 31.0
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Figure 7.3: Sample Small Motion Task Trajectories
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Figure 7-4: Coupling Index vs. Performance
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-X 2.0. 2.0

X
1.5 1.5

1 .0 . .1 .0 ..
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I -.5 008
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Path Performance Time Response

Figure 7-5: Partial Coupling Index vs. Performance

7.4. Large Motion Evaluation

The small-signal simulations provide a convenient means for analysis and evaluation of the

suitability of minimizing D(JW p) to select features. In practice, actual tasks may require larger

motions which result in time-varying sensitivities. Significant changes in D(JW ) can
P

therefore occur, from the initial to the final view. Selecting features based on minimizing

D(JW p) in the initial view may not assure that these are the best selections along the

trajectory. The alternative is to estimate D(JW p) on-line and then implement an on-line feature

reselection strategy (i.e., analogous to the feature/joint reassignment procedure in Chapter6).

This becomes a more complex strategy. The evaluation included in this section uses

examples of large motion tasks to investigate the suitability of selecting features based only

on coupling in the initial view. This section also includes examples of the fixed and

hierarchical control strategies.

0
The evaluation uses examples based on two task configurations. One configuration, which

uses the cube as the control object, is represented by the images displayed in Figure 7-6. This

task requires net trajectory displacements of AX = 2.5 in., AY = 2 in., and A8 = 30 degrees.

These magnitudes are typical of those that observed in the Flexible Assembly

Laboratory [Sanderson 83b] when the 3 DOF configuration is used in a static "look and

0r
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Desired Image Initial Image

Focal Length F= 35 mm
a= 45 degrees

R= 30 inches
h = 0.5 inches
bT = [-0.5 0 0 (in.), 0 0 0 (Euler-Angles)]obi

Desired X-Y-O stage positions = -0.5 (in), 0 (in), 30 (deg)
Initial X-Y-G stage positions = 2 (in), 2 (in), 60 (deg)
Figure 7-6: Large Motion Task Images (Cases A, B, C, and D)

move" mode to locate and orient random electronic components. A second task, which uses

the pyramid (Figure 4-13) as the object, is represented by the images in Figure 7.7.

4

Desired Image Initial Image

* Focal Length F= 35 mm
a= Odegrees
R= 20 inches
h= Oinches

Tobi = [-0.5 0 0 (in.), 0 0 0 (Euler-angles)]
Desired X-Y-O stage positions = 0.5 (in), 0 (in), 40 (deg)

* Initial X-Y-8 stage positions = 2 (in), 24 (in), 60 (deg)

Figure 7-7: Large Motion Task Images (Cases E and F)

0•.
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Although such a large trajectory (i.e. AY = 20 in.) is not anticipated for applications with this

type of configuration, it is useful to show examples which further accentuate sensitivity and

coupling changes.

The evaluation does not include calculation of the predicted path, since compact analytic

equations for the feature transformations become complex to derive for higher DOF systems

with solid objects. Future investigations could derive predicted paths by numerical

integration methods, using estimates of J measured along small increments. For the

examples presented, it is anticipated that, as D(JW ) decreases, there will be relative

improvements in time response, and path deviations from a monotonic trajectory will be

reduced. That is, if J were diagonal (i.e., D= -00) and a single valued function of position

along the trajectory (i.e., Ji i0), then for critically damped features, the path must be

monotonic. A summary of system performance for the two tasks is shown in Table 7-3. The

table lists performances of both the initial and second (i.e.,subsequent) adaptive trials, and for

fixed and hierarchical control. The fixed controller is implemented by fixing the adjustable

gains identified in the first adaptive trial. The hierarchical performance is indicated for the

second adaptive hierarchical trial. Sample plots for two cases are displayed in Figures

7-8 and 7-9.

Feature Subset D Path Distance (in) Rise-time (sec)

Coup1 ing
Are, re Index in- st 2nd U 1st 2nd

A1 or A1  Des ire d Initial Adaptive Adaptive Fixed Adaptive Adaptive Fixed !G
• i

iView View trial trial . ~ trial trial

A 4 4 4,1 1.69 0.99 OFV OFV O-V 4.57 FV OFV OFV 0.474

N 1 #1 1.4 1.04 1,76 3.64 3.65 3.77 4.55 0.378 0.399 0.405 0.486
C 4 4 4.1 4.1 0.82 0.84 OVV 3.97 OFV 4.58 OFV 0 315 OFV 0.486

4.7I 1 0.82 " 0.24 04 315L8 718 0.4861) 6 6 4.1 -0.39 -0.38 3.31 3.31 3.33 4.57 0.234 0.234 0.225 0.528
"IF,14 1 4 1 4.1 II 1.51"1 1.20 11 2',.31) 1 24m89 124. ,IH1 ..411 1.41r, 1 1.236 11.07011.30
-IF 141 1 .,., 1 4.,1 I 0.32 i-0.34 24 .66 2 4.61 i .+ 8 1 1.18 I 1.1 71 I .0n 11.326

Table 7-3: Large Motion Task Performance Summary

Comparison of the coupling indices for the first two cases, A and 8, reveals that the feature

subset, which minimizes the coupling, can change from the initial to the desired views. If the

feature selections were limited to these two candidates, then an on-line feature reselection

strategy may be useful. A completely generalized image-based system, using SISO

controllers, may therefore require this capability. For cases A and B the magnitudes of

.
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1st adaptive trial b 5
2.50. .. Fixed .0

-
2nd~ adaptive trial

-Hierarchical ic50.0.

45.0

1.50. .

-1.0 -. 5.00 .5 1.0 .0200 50

30.0. .2345678 1.

.5.Path Rotation tm sc

Figure 7-8: 3 DOF Trajectory (Case D)

55.
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~ 50.0.

M 45.0.

040.0.k-

N o q~35.01 .
O 9 .0 .2 .4 .6 .8 1.01.21.41.61.82.0

u6 0i 0 0 oi
N_ time (sec)

A Rotation

Figure 7-9: 3 DOF Trajectory (Case F)

D(JW ) are relatively large in all views. If more potential candidates are available, then the
p

possibility of finding a subset with relatively small coupling values, over the trajectory,
increases. If D(JW p) remains small, then reselection strategies may not be crucial. The cases
listed do not produce examples with both small couplings and predicted reselections. TheseI
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evaluations do suggest that feature subsets, which have initial view couplings that are an

order of magnitude smaller than for other candidates, show significant improvements in

-. performance.

The performance features for each control strategy are summarized as:

1. Adaptive Control: Adaptive control yields stable system performance when the
object stays in the field of view. The cube goes OVF in both the first and second
trials of Case A. This feature subset has relatively large values of coupling. For
Case C, where the coupling is smaller, the cube goes OVF only in the first trial,
but with improved second trial response.

The controller which uses the feature subset with the smallest initial view
coupling (i.e., Case D for first task, and Case F for second task), produces the
best performance for each task. They exhibit the fastest rise-times and the
shortest distances of travel. Their trajectories also approach straight-line
motions. The deviations from a straight path are on the same order of magnitude
observed for the 2 DOF linear kinematic configuration. Further, their first and

* second adaptive trial performances are virtually identical. The cases with larger
coupling show significant changes between these two trials.

Rise-times associated with the second task (i.e., pyramid examples) are much
* 'larger due to control signal saturation in the Y-axis controller. This also affects

the initial part of the trajectory and may partly account for the absence of a
straighter path there.

S. -.. These examples reinforce the suitability for using D(JW as a feature selection
discriminant function. These results also suggest that the selection may be based
on the initial view coupling, if potential candidates have relatively small coupling
values (e.g., D(JW p)<O.)

2. Hierarchical Control: This strategy produces system performances exhibiting two
, .. important characteristics. First, the path is constrained, for each case, regardless

of the magnitude of D(JW ). After most of the relative X-axis motion is achieved,
the turntable begins the orientation phase. Then, after most of the orienting

-0 motion is achieved, the depth control begins. This strategy prevented the object
from going OVF.

Second, both the time and path performances of each case are virtually identical.
This characteristic does not result from the trajectories being forced to pass
through regions with reduced coupling. It was verified that the coupling values, at

• the positions where each controller becomes active in the hierarchy, are not
significantly smaller than in the initial or desired views. This strategy does
however tend to cause changes in any feature to be dominated by only one DOF.
That is, as each controller becomes active, the majority of motion for the
previously activated controller has already taken place. This facilitates the SISO
identification.

0,i-.
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3. Fixed Control: Fixed control performance is not significantly different than for the
adaptive approach. However, the larger motion task begins to accentuate fixed
controller inadequacy for larger gain changes. For example, the rotational stage
response for case F exhibits large overshoot (Figure 7-9).

Fixed control of the smaller motion task is adequate since the sensitivity changes
associated with the these cases are relatively small. For example, in Case D, the
percentage change of aX /aX is only 4 percent from the initial to the final view,
in comparision with the 40 percent change for the 2 DOF example represented in
Figure 6-6. The reduced gains for the 3 DOF configuration result from larger
focal lengths and larger relative depths between the camera and object.
Considering the relatively small gain changes and large closed-loop bandwidths,
it is not surprising that the fixed and adaptive responses are similar. For the larger
motion pyramid task, for which gain changes are an order of magnitude larger
than for the cube task, fixed performance begins to degrade.

7.5. Summary

The 3 DOF evaluation provides further verification of the extension of SISO adaptive control

to achieve stablity, with acceptable transient response, of feature coupled systems. The

coupling index. D(JW p), is demonstrated to be a suitable discriminant function for selecting

among several candidate feature subsets. The evaluation shows that significant

improvements are achieved in both time and path performance as D(JW ) decreases. For
p

small-signal tasks, the predicted path is straight-line. For larger motion examples, which have

time-varying sensitivities, the observed paths approached straight-lines as D(JW ) decreased.

The generality of achieving straight-line paths, for other tasks and configurations, remains to

be evaluated in future research.

The hierarchical approach not only constrained the path, but also facilitated the use of SISO

controllers for even large coupling values. Thus, the hierarchical approach becomes a

conservative and safe strategy for IBVS implementations.

Classical control theory does not provide an effective means to synthesize fixed SISO

controllers for coupled and time-varying systems. The adaptive approach provides a means

for synthesizing the fixed SISO controllers. Fixed controllers achieved performances similar

to the adaptive approach. As gain changes become larger, fixed performance begins to

degrade.

6
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Chapter 8
Conclusions

8.1. Overview

In this chapter, the author summarizes the research and contributions of the dissertation.

Future directions for research are suggested, including MIMO control, implementation issues

(including higher DOF), and comparative evaluation of position versus image based control

approaches. Preliminary investigations into some of these areas are described.

8.2. Conclusions

This dissertation provides insight and analytic tools for the analysis, design, and evaluation

of vision based dynanmic robot control systems. These goals are achieved by:

1. Organizing and categorizing previously implemented and proposed visual servo

control systems into well-defined classical control structures; arid,

2. Analyzing, designing, and evaluating a control system for the image based
approach.

The control requirements for the IBVS "teach-by-showing" strategy (including

nonlinearities, coupling, unknown parameters, delay, noise, saturation, path control, and

feature selection) are analyzed in Chapter 2. An independent MRAC adaptive controller, a

coupling index, and a path constraint hierarchy are proposed to satisfy these requirements.

The SISO enhanced SP MRAC adaptive controller is derived for systems with delay in

Chapter 3. Fixed cotitrollers are synthesized by fixing the adjustable gains of the adaptive
4I

controller. Guidelines for selection of controller parameters are provided. Fixed versus

adaptive control is evaluated (in Chapters 5 through 7), using computer simulations, for

systems with increasing complexity to determine the relative contributions (to system

performance characteristics) of delay, noise, kinematic and dynamic coupling, and feature

coupling.

2"
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SISO adaptive control of coupled nonlinear IBVS systems is shown in simulation to be

stable, with acceptable transient response, and zero steady-state errors. System

performance (including time response and path deviations) improve when features are

selected and assigned by minimizing the coupling index D. When the feature sensitivities are

constant and coupled, the predicted position trajectories are straight-lines. The predicted

trajectories for the 2 DOF configurations are either straight-line or approach straight-lines.

For the 3 DOF configuration, the observed trajectories approach straight-line as the coupling

index decreases. The generality of such observations must be evaluated in future research.

Deviations from the predicted paths are acceptable for both small and large motion tasks,

which use a robot with linear uncoupled kinematics. For large motion tasks, with an

articulated arm, kinematic coupling leads to unacceptably large path deviations. The

hierarchical path constraint strategy is used to guide the robot in a predictable fashion in

Cartesian space (i.e., moving first in a centering X direclioni, then moving in the depth Y

direction). The generality of this hierarchical approach remains a topic for future research.

Since path cannot be controlled directly, with the "teach-by-showing" IBVS approach, the

author recommends that IBVS can be used for tasks for which exact path is not critical (e.g. in

precision assembly, for parts acquisition and mating), and could also be useful to increase the

accuracy of position-b'sed approaches.

Fixed LNIFC controllers are stable, with acceptable transient response. Comparative

evaluation of fixed vs. adaptive control shows:

1. A fixed controller, tuned for one task, may not be suitable for another task. A
single adaptive controller is suitable for a range of tasks.

2. Fixed controllers are suitable for tasks with small sensitivity (or gain) changes
(e.g., small motion tasks). Adaptive controllers are capable of tracking large
sensitivity changes.

3. Fixed control exhibits superior noise performance, and superior stability at lower
sampling-to-bandwidth ratios. Fixed control performance becomes sluggish as
the specified bandwidth decreases.

0 The contributions of the dissertation are:

1. Formalization of dynamic visual servo contrcl of robots, by organizing and
categorizing them into well-defined classical foedback control structures. These
structures are classified as either position-based or image-based, and control
either open-loop robots or incremental kinematic robot '-ystems (with internal

0 joint-level compensation, and kinematic decoupling). The formalization facilitates

S
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the control systiem design by showing the role of computer vision as a feedback
transducer (thus affecting closed-loop system dynamics. and requiring a visual
servo controller), and stating the static and dynamic characteristics (of the robot
and vision) which must be compensated. The categorization, of different visual
control approaches, provides a common framework for future comparative
evaluations.

2. Introduction and demonstration (by simulation) of a novel "teach-by-showing"
image-based approach. In this approach, the visual servoing task is specified by
taking a picture of an object in the desired relative position, and extracting the
image features in this view. Explicit knowledge of object positions, relationships
between features and positions, and robot dynamics are not required. This
simplified approach could facilitate the integration of computer vision into factory
environments, and increase feedback accuracy (required for precision assembly)
by eliminating inaccuracies associated with feature interpretation.

3. To the best of the author's knowledge, the analysis, design, and evaluation of
IBVS is the first in-dopth study of dynamic robot control using visual feedback.
Previous studies, appearing in literature, have been limited to ad-hoc control or
single DOF systems.

4. The important contributions resulting from the IBVS analysis, design, and
evaluation are:

a. The extension of an enhanced SP MRAC to control of systems with
measurement delay and nonlinear gains. For such systems, the delay
requires a control penalty enhancement to achieve acceptable stability.
The control penalty is also required to assure a locally stable controller,
since the hyperstable identifier can identify non-minimum phase zeros
resulting from the nonlinear gains. Reference signal biasing is required to
drive steady-state full-parallel errors to zero, since the identifier can identify
type 0 plants when controlling type I plants with nonlinear gains.
Sufficiently large sampling-to-bandwidth ratios are required to track
nonlinear gain changes.

b. To the best of the author's knowledge, the dissertation includes the first
demonstration (by simulation) of the enhanced SP MRAC for direct joint-
level control of a robot arm. Similar algorithms have appeared in literature
to control simulations of nonlinear coupled robot dynamics, but have not
utilized the enhancements and stability viewpoints required for
implementation issues of saturation, noise, and delay.

c. Identification of limitations and applicability of SISO control of coupled
systems, including:

* Introduction of an index to measu-e system coupling. The ability of
the SISO controller to track the reference signals degrade (and path
deviations and rise-times increase) with increasing values of the
index. This index is shown to be a suitable discriminate function for
selecting and assigning features for control.

b"-
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* Identification of a sign-sensitivity (Section 6.2.3. 1), which degrades
transient response. Large sampling-to-bandwidth ratios are required
to minimize this sensitivity.

e Observation that steady-state identification and tracking errors
approach zero, but path deviations, for IBVS, and tracking errors, for
joint-level robot control, will always occur with SISO control of
coupled systems. Transient errors are reduced (but not driven to
zero) by increasing the sampling-to-bandwidth ratio.

d. Demonstration of the adaptive approach as a means to synthesize fixed
controllers for nonlinear and coupled systems. Fixed controller design is a
formidable engineering task, for such systems.

e. Preliminary analysis of the relationships between path trajectory and
feature based control. This analysis encourages future evaluation of more
general systems by showing that (for critically damped reference feature
signals, each with the same time constant):

* For constant and coupled feature sensitivity (i.e., Jacobian of the
features with respect to positions), the predicted paths are straight
lines, irrespective of the number of DOF.

* For the 2 DOF line-in-space configuration tasks (for which the feature
sensitivitie., are not constant and change dramatically over the
trajectories), the predicted paths are straight lines or approach
straight line motion.

* For the 3 DOF configuration, the observed path deviations from a
straight-line decrease as features are selected to reduce the coupling
index.

Using a path constraint hierarchy, path motion can be constrained along
selected DOF, but the generality of this approach remains a topic for future
research.

The image-based "teach-by showing" approach is analogous to the basic robot control

"teach-mode" operation. In the author's experience, the "teach-mode" strategy for robot task

definition has greatly facilitated the incorporation of robots into the industrial environment by

providing a simple means for task training. Similarly, the author hopes that the "teach-by

showing" approach will have the potential of simplifying applications of visual servoing.
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8.3. Suggestions for Future Research

The purpose of this section is to suggest directions for future research, including MIMO

control, physical implementation (including higher DOF), and comparative evaluation of the

position and image based approaches. Preliminary investigations into some of these issues

are also described.

8.3.1. MIMO vs. SISO Adaptive Control

The dissertation isolates problems of SISO control of coupled systems. including sign-

sensitivity, feature/joint assignment, and transient tracking errors. An MIMO controller may

not exhibit similar problems, and may reduce transient tracking errors. Analysis, design, and

evaluation of MIMO control is a fruitful area for future investigations. While the major

implementation trade-off between MIMO and SISO control is computational complexity, the

author believes that a basic problem of MIMO control will be the additional complexity of

selecting and initializing the controller parameters, which must be empirically chosen. In this

section, an enhanced MIMO MRAC controller is proposed, and related issues of on-line

estimation of J and JW (for SISO feature/joint assignment) are described.

The mathematical foundation for an adaptive MWMO controller can be found in [Borison 79],

and parallels the development of the SISO controller in Chapter 3. For MIMO control, the

model of the plant under control, described by the (m x m) transfer matrix H(z'), with nd

output measurement delays, is

y.d(z) = Z-nd H(z "1 ) UQ(z 1)

The system, H(zl), is identified by applying the hyperstable adjustment mechanism 1(3.4),

(3.5), and (3.6)] m times to estimate m parameter vectors. For MIMO control, the dimension of

the information vector and parameter vectors increases to (2nm x 1). The information vector

and each parameter vector are used to predict each ouput [Borison 791. Calculation of the

control signals require matrix inversion operations to invert the vector of identified outputs.

And, calculation of the control penalties requires evaluation of the characteristic polynomial

of an inverted matrix of estimated gains.

The computational complexity of MIMO versus in independent SISO controllers is

summarized in Figure 8.1. The purpose of the comparison is to show that IlIMO control

requires more computations than the SISO approach. For MIMO control, the computational

.. *; .- . .. . , . . , .. . . . .. . . - - ., ,. , . , , . , .,., , . , - - . . , . -, . . .
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2complexity of the adjustment mechanism increases by a factor of in as a result of the

increased length of the information and parameter vectors. The number Of Computations

indicated in Figure 8- 1 for matrix operations is a conservative estimate, and does not account

for the possibility of more efficient matrix manipulation algorithms. The salient feature is that

complexity of MIMO control is order min n, versus inn2 for SISO control. As computer

* hardware becomes faster and less expensive, the computational differences between these

approaches will become less significant. The SISO approach may still remain attractive for

factory environments due to its modularity.

Sequence rn-input rn-Out put in independent
of' n thorder identifier n thorder identif'ier

Operations MIMO SISO
(S[So) F'iiiat inn Piet vr,.ncis) MIi 1 ipi1 Cat LIoils Add it ions MIl, IIpI ic~i at lo Adi it I.ins

I SP Idenitifier 2m 2n 2tn n i-i 2sn 2in - in
(3.7) _________

2 IDl Frror mn 0 in
* ~~~~~(3.8) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

3 n- indinpindent
lHyp&erstaible Adjustmnt~
Mechainisms; 113n 24 22n- 4 3 n2 4n2 m+2 m

3.1 A'pusteriori Frrnr

(3.5)

3.Z Ga~in Matrix I Ga 3 n?12 2 m 2 3112 .2 2 n- 6 2 -2n m 2n nm

3 3 Parameter vui-ctor Amurn2 ,2 2 2. 2
(3.4) i n m4m3 n' 4nn 2mnim 4mn

4 Control Penalty m(n+nd-1) + I m(n~nd-l) "
(3. 12) Jury Conditions Jury Conditions

5 SP Reference Model mnn)2r( nd-2mn mnn
(A.13) 2mnn)Znn.d- i~~d) mnnd)-l

* A Control Signal lInerse of a gain

(3.10) miatrix is order id- 3 2
Rest of operdtionS In 1m n i(2-n) in(2n+l) ta(2n-1)

6Order n3 2 3
n
2  

n
2  inn 2

Figure 8-.1: MIMO vs. SISO Computational Complexity

* 8.3. 1. 1. On-Line Sensitivity Estimation

For linear kinematic robot configurations, it appears that off-line measurement of JW~ (prior

to the start of control) is sufficient for calculation of the coupling D, to select and assign

features. General implementations of S150 control, of coupled systems, will require on-line

* estimation of JW for selecting feature/joint assignment. In the dissertation, a a low-

6P
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frequency assumption is made to evaluate W p(jw) (for the purpose of calculating the coupling

index D). Since the low-frequency robot gains can be measured off-line, only J need be

estimated on-line.

The author suggests that either J or JW can be measured on-line using the MIMO

hyperstable adjustment mechanism, described in Section 8.3.1., with the parameter matrix

(i.e., the matrix of the m estimated parameter vectors: =[p. _...MI4m) replaced with f-J or

8---JW ' For estimation of J. the information vector becomes the robot joint displacement

changes - (n x 1), and is (n x 1). For estimation of JW the information and

parameter vectors remain (2nm x 1).

8.3.2. Implementation

The evaluation of computer simulated IBVS control (Chapters 5, 6, and 7) demonstrates the

feasibility of this approach, and encourages hardware implementations. The 3 DOF

configuration (in Chapter 7) can be implemented with hardware currently available in the

Robotics Institute Flexible Assembly Laboratory [Sanderson 83b]. The author is currently

developing hardware and software to implement an automated PC board insertion task

(depicted in Figure 1-2), using IBVS control. To image the lead tip, a specially configured

fiber optic sensor [Agrawal 83] is being fabricated (to replace the CCD camera), to achieve

high sampling rates, high resolution, and low noise, . This system will use a 3 DOF Cartesian

robot.

IBVS implementations, using real robots and sensors, raise control issues relating to robot

mechanical structure, sensor resolution, and extension of IBVS control to higher DOF. These

issues are discussed below.

8.3.2.1. Robot Mechanical Structure

Physical characteristics of the robot (and actuators), which may place additional constraints

on the sampling period selection (Section 3.6.2), include structural resonances, dynamics

which are characterized by complex poles, and torque off-sets required to overcome static

friction at low velocities.

It has been suggested [Paul 811 that to avoid resonant excitation of non-rigid structures

characterized by a structural resonant frequency wo, the sampling period should be

.. . ."-" " . .S.. ... . ".... . . . i. : . .-
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'T<T <-.

15w
0

If the robot dynamics exhibit complex poles at tv-jwiax, the sampling period of the MRAC

discrete time hyperstable identifier is required, by the NyqUist sampling theorem, to be

T<-.
max

If the vision system cannot extract features at a rate fast enough to satisfy the resonance and

Nyquist constraints, the author suggests augmenting the IBVS control with joint-level velocity

feedback controllers, which would sample at higher rates (e.g., using tachometer feedback)

than the main IBVS feedback loop. The velocity comtrollers (which could be adaptive) would

be tuned to dampen structural resonances and place the poles of the minor loop feedback on

the real axis, to satisfy the Nyquist constraints. High-gain velocity feedback overcomes torque

off-sets (or equivalently actuator voltage off-set) by amplifying ihe small velocity errors.

8.3.2.2. Sensor Resolution

Spatial resolution of the sensor (e.g., discrete pixel quantization of a CCD camera) is

manifested as measurement noise. Low-pass filtering of the measurement signals can reduce

the noise amplitude. "The author suggests the following itrategy to further reduce these

effects. When the spatial resolution of the sensor (denoted by R) is lcss than the distance
traveled during a sampling interval (i.e., R<VreT), then fix the MRAC adjustable gains (at their

*Current value) to create a fixed LMFC controller, since the LMFC is less sensitive to noise.

8.3.2.3. Extension to Higher DOF

The 2 and 3 DOF configurations, evaluated in this dissertation, are practical for specific

tasks. Implementation of more general systems (e.g., with other features and 5 or 6 DOF)

main to be analyzed for the relationships of feature control to world coordinate paths, and

,-valuated for the extension of SISO control to higher DOF.

At the outset of this research, the author conducted preliminary experiments of IBVS control

using simulations of a 5 DOF articulated arm. While this system was not investigated in-depth,

it served to demonstrate IBVS feasibility, and to gain insight into the control issues which are

addressed in this dissertation. The system consisted of:

1. A 5 DOF articulated arm (with kinematic structure similar to the Cincinnati-
Milicron T3), modeled with constant linear uncoupled dynamics.

2. A camera (as modeled in Section 4.5) is mounted to the last joint (or end-
effector).
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3. The task is to position the end-effector relative to polyhedral objects (Section
4.5). Extracted features include both areas and centroids.

4. The controller consists of 5 SISO fixed proportional controllers, which are
manually tuned.

5. Feature selection and assignment, and path constraint hierarchies were specified
using empirically (i.e., no coupling index was used).

The controllers could be tuned (using empirical gain adjustments and feature selections) to

achieve stability, with acceptable transient response and zero steady-state positional errors.

The Cartesian paths were not derived (i.e., only the joint motions, and initial and final relative

positions were monitored). The proportional gains suitable for one task were not acceptable

for another task. It was difficult to tune the system for large motion trajectories (i.e., the

response was sluggish for low proportional gains, oscillatory for high gains, and it was

difficult to keep the object in the field of view.) Feature/joint assignments and the path

constraint hierarchy had to changed with varying robot arm configurations.

8.3.2.4. Position vs. Image Based Control

Approaches to visual servo control are categorized (in Chapter 2) into either position or

image based structures. The organization of visual servoing into well defined classical

control structures provides a framework for designing and comparing the different control

approaches. An analysis, design, and evaluation of position based systems, and their

comparative evaluation with image based control, would provide a complete set of design

tools for implementation of dynamic visual servo control systems.

Since each approach will have tradeoffs, the author suggests that they may be used to

augment one another. For example, position based approaches have the advantage of

directly controlling path, while inaccuracies of the required interpretation (i.e., of features to

world-space coordinates) decrease closed-loop accuracy. Augmenting position based

control with IBVS, by

1. Deriving the control signal by adding both position based and image based
control signals; or

2. Initially controlling gross positioning with position-based control; then switching
over to IBVS for fast and accurate fine control

seem to be natural combinations.

The author hopes that the proposed research and implementations will enable IBVS control

to become a practical system for robot control.
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Appendix A
MRAC Without Measurement Delay

The purpose of this appendix is to explain and present a concise derivation of the MRAC

controller developed by Neuman and Morris in [Neuman 80].

A block diagram for a SISO process under discrete computer MRAC control is shown in

Figure 3-1 [Neuman 80]. An MRAC system comprises three basic components:

1. Analog plant under control;

2. Full-parallel reference model; and

3. Adaptive controller

The reference model transfer function M(z1 ) specifies the desired closed-loop response of

the sampled plant output, y(k), to a reference signal r(k). The adaptive controller is a digital

feedback controller. The controller gains are adjusted to drive the closed-loop response of

the system to that of the reference model. The controller uses both plant and model input and

output information to generate the control signal u(k).

At the heart of the MRAC is the controller adjustment mechanism. It the full-12arallel (FP)

output error is defined as

4eoF) = x(k)-y(k), (A.1)

the adjustment mechanism must be designed so that

1. eok) asymptotically approaches zero, and

4 2. The closed-loop system is stable.

Adjustable controller design is based on the identification-error method [Neuman 801. The

plant input-output information generates estimates of the plant parameters and are used by

an identifier to predict the plant output. The identification error is
eID(k) = y(k).t(k) (A.2)

4i
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where the identifier output t(k) is the predicted plant output. This error drives the adjustment

mechanism which updates the estimates of the plant parameters. In turn, these estimates are

used to adjust the controller gains. The adjustment mechanism is designed so that e1o(k) is

globally asymptotically stable for a SISO linear system. The controller is then designed to

guarantee the asymptotic stability of the full-parallel error.

A.1. Reference Model

*- The discrete time reference model should generate a realizable output, x(k), for an analog

process under computer control. Thus, the model can be specified by the cascade of a

digital-to-analog converter (DAC), an analog process, and a analog-to-digital converter (ADC)

with the desired response characteristics.

If the analog process model is mth order, with m1 zeros (m <m), the discrete model transfer

function is [Neuman 79a)

X(z 1) BM(Z') .B(z ' )M (z" )=TZ- - AmZ ) _-A=zt (A.3)

mb b z'l . .+ b rz'm
1 m(A.4)

-1-a
0z1. . a0 z

1mZ

The sampled data FP model output can thus be characterized by the mth order difference

equation

xFP(k) = [, bi'] r(k)+ [I: ai~- i ] x(k) (A.5)
i=1 i=1

where the delay operator q' is defined by
(qi)x(k)-x(k-i).

For example,

[ . biq'] r(k) = blr(k-1) + b2r(k-2) , ... + bmr(k-m).
i=1

The model is a full-parallel model since (A.3) is recursive,

Reference model structures have typically been specified by critically damped, second

order systems [Landau 79] for a wide variety of adaptive control tasks. The closed-loop model

can be generated by assuming that a type I second-order linear plant, G (de(S), is under

computer control (Figure A-i), and the proportional gain Kpcrit is tuned to provide critical
damping. The open-loop plant transfer function is

* . .. -- "- - . • :-
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Kmodel
Gmodel(S) Sm(A.6)

where S(Tmodels+l)

K mode = model gain constant
T model = model time constant (sec)

u.(k) u.n(') x(t)

rIk x(k)
AKPcCit C Go (S) ADC

Computer

Figure A-i: FP Reference Model

Neuman and Morris specified the reference model in the Z-plane. The derivation presented

here differs by first showing an analog plant model in a feedback control structure. This

approach facilitates development of a reference model when measurement delays are

included (in Chapter 3).

The equivalent z-transform model of Figure A-1 is shown in Figure A.2.

+KPcrit W, odel( z- )

Figure A-2: Discrete Reference Model

In Figure A-2, the digital transfer function

J
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models the cascade of the DAC, analog process G(s), and ADC [Neuman 79a]. For the

second-order type I analog model in (A.6),

-1 b Iz' + bvz 2

model 1- = 1- 2- (A.7)

where, for the sampling period T,

-TI'.a,=1 +e model

a 2 = - e mTrodel

bi= -(K~Tmode )(1l-T/*model- .erT)

* The closed-loop transfer function of Figure A-2 is

Kc~ rK~;[b z 1 + b Z'2 1
1 + [KPad b I- a]z1 +[ KPcjt b 2 +a a21Z'

For critical clamping, the gain term K Padi must satisfy

[Kp-crt b I -a 1] = 4(K Pail:b 2 + a 2]

* The difference equation of the closed-loop model becomes

x FP (k) = K Pcrtb Ir(k.1) + K Pcritb 2r(k.2 )

+ (a 1 *K Pcritbl)x(k-1) + (a2 -K Pcrtb 2)X(k-2)

* and, the model parameters for (A.5) are

1 I Pcrit

b2= 2 KPcrit

* ao=a -b K~.

m 2.
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A.2. Plant Model Structure

For the identifier to track the plant output, the structure of the plant must be defined. If the

plant under control is assumed to have an equivalent nth order I/O structure (Section 2.3.1.3),

with n1 zeros (n <n), then the corresponding discrete-time model is the nth order transfer

function

Y(z "1 ) B (z 1 )
W(z-  1  A (Z (A.8)Ulz-')-A Plz 1 )

blz1 +bz 2 + + bnzn
= 1 2 .1 -a Z z"1 a  .  ..... a nZ n

2 n

where the [a,) and {bi) are unknown parameters. The sampled plant output, y(k), can

therefore be modeled by the nih order input-output difference equation

y(k) b q']u(k)+ aqa'] y(k). (A.9)

In vector notation, (A.9) is

y(k) = LirP(kl)

where
#7-(b .. bna 1 ...a,) is the (2n X 1) parameter vector; and (A.10)

1(k-1)-[u(k-1) ...u(k-n)y(k-1) ...y(k-n)]T is the (2n X 1) information vector

A.3. Controller

A *eries-2arallel (SP) identifier with adjustable parameters tracks the plant output. The

identifier output t(k) is calculated according to

t(k)= bi(k-1)qi]u(k)+ a',(k-1)qi]y(k) (A.11)
i=1 1=1

A A

where {b.) and (a.} are estimates of the process parameters of an equivalent SISO linear

system.

The identifier is series-parallel since it is non-recursive. A full-parallel identifier produces

unbiased estimates of the process parameters in the presence of noise (assuming a control

signal sufficiently rich in frequency content), but at a slower speed of convergence than for a
A

SP adjustable model. In addition, an FP identifier requires good initial guesses for {b,1 and

., . . . ", " . " . - - " ' *-" " --. .-_, _ L. .. '','q = '. . - ,-*' '-" '' -. "' " ' -,. -- , --
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A
- {a}. In contrast, the SP identifier produces biased estimates of the plant parameters. In

MRAC control, it is shown below, all that is required for FP errors to approach zero

asymptotically is an eguivalent input/output model which matches the input/output

characteristics of the plant.

In vector notation, (A. 11) becomes
ATt(k) = _(k- 1 )!(k- 1 )

A

where .T(k-1) is the estimated parameter vector. The identification error becomes
* r[TA. T

e10(k) = y(k)-t(k) = [I.T-I.T(k-1) ] (k-1).

In the next section, an adjustment mechanism is presented to guarantee asymptotic stability

of e1D(k).

When the identification error converges to zero, the identifier becomes an equivalent input-

*- output model of the plant. The adaptive controller is then constructed by solving for the

control signal U(k) required to force the identifier output t(k + 1) to follow the reference signal

=* * XR(k). By inverting (A. 11), the control signal becomes
1 R n ^ .n^

u(k) = X (k)-[ b(k)q-'")] u(k)- LZ ai(k)q" 1 )] y(k)) (A. 12)
b1 (k) i=2

It is now shown that true estimates of the plant parameters are not required to produce an

asymptotically stable FP error. True estimates may not occur when:

1. Parameter estimates become biased in the presence of noise;

2. The frequency content of the control signal is poor; and

3. As demonstrated in this dissertation, when the plant being identified is nonlinear,
time-varying, or part of a coupled system.

If the reference model signal is chosen to be the output of the one-step ahead FP model,

XR(k)=x(k+I)= [, bq(')]r(k)+ [' a O")]x(k) '  (A. 13)

i=1 i=1.

then, upon convergence of e I, the identifier becomes

t(k + 1)= XR (k) =x(k + 1)

or,

t(k) =x(k),

and the FP error is

- p ... --. ~ -. . . . . . . . . - . - - - - - -
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e.P x(k)-y(k)

= t(k)-y(k)
= eID(k) (A. 14)

Thus, the FP output error is asymptotically stable if the adjustment mechanism can assure

asymptotic stability of the identification error, regardless of errors in the true parameter

estimates!

A.4. Adjustment Mechanism

A

The adjustment mechanism used for estimating fP can be designed from either parametric

optimization or stability viewpoints. Optimization techniques, which are based on cost-

function minimization, were first applied to adaptive control [Whitaker 61]. These include the

gradient descent and least-squares methods. As applied to adaptive control, these methods

have drawbacks which require reliable initial estimates of the plant parameters [Price 70] and

result in low adaptation speeds to guarantee local stability [Kokotovic 66]. In contrast, the

stability viewpoint, which is inherent to the design goals of closed-loop control systems,

FP
guarantees asymptotic stability of e1 ) and thus eoF at higher adaptation speeds, rcrardless of

initial parameter estimates. This approach, which includes Lyapanov's second

method [Narendra 74] and Popov's hyperstability theorem [Popov 63], prescribe stability

criteria for nonlinear, time-varying , closed-loop systems. The output e1I of the nonlinear,

time-varying, closed-loop adjustment mechanism drives the parameter update, and is

designed to be asymptotically stable. Landau, who was the first to apply hyperstability to

MRAC [Landau 69], claims that with respect to the Lyapanov approach ".... More general

results were obtained using the hyperstability approach, perhaps, because it is more

systematic." [Landau 74]

The hyperstable adjustment mechanism [Landau 79] specifies the following identifier when

the plant is assumed to be linear with slowly varying parameters:

A A 1
fl(k) =f (k. 1) + -P(k-1)!k(k- 1)s(k) (A.15)

A

s(k) - eD(k) (A.16)1 + (1/k,),LT(k - 1) P(k- 1)((k- 1)

1 1 s(k)
P(k)= -P(k.)-[- P(k- 1),(k-1)' (k-1)P(k.1) (A. 17)

e e(k)

II
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where P(k) is a (2n X 2n) adaptive gain matrix, s(k) is the a'posteriori error (which is the error

-. signal after the parameters are updated at the kth computational cycle), and e1o is the a'priori

error signal. The fading factor X (0<X<1) weighs past values of the input/output samples by

the progression

1, , \2 ...... \k.

If X = 1, new information is averaged with all past data, minimizing overreaction to

measurement noise. If X<1, old data is weighed less, and the mechanism can track the

parameter I even when the parameters are slowly time-varying.

The adjustment mechanism in (A.15) - (A.17) approximates the optimal recursive weighted

least-squares algorithm which is derived from the minimization of the cost function
k

J(k) = (w/2)Z Xel(ki)

i=O

This approach is referred to as the hyperstable least-squares adjustment mechanism.

A.5. Enhancements

Performance of the basic MRAC algorithm can be significantly improved by the addition of

numerous enhancement strategies [Neuman 79b). Neuman and Morris present a det.iled

analysis of enhancement mechanisms [Morris 79], and recommend an enhanced error

identification MRAC algorithm. These enhancements include:

1. Control Penalty;

2. Series-Parallel Reference Model Signal;

3. Augmenting Error Filter; and

4. Auxiliary Fixed Control.

The augmenting error filter must be used with caution since it increases the high-frequency

gain of the feedback controller, thus amplifying noise arid reducing the stability margin. To

use the auxiliary fixed controller requires that the system operate around a known and

stationary operating point, which in general does not hold for IBVS systems. Thus, only the

first two enhancements, which are described below, are used in this dissertation.

Control Penalty

A control signal penalty is obtained by multiplying (A.12) by the positive scaler W(k)

(O<r < 1). This penalty is introduced to
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1. Reduce the magnitude of the control signal and thereby the effect of reduced
marginal stability due to control signal saturation;

2. Reduce control signal noise; and

3. Insure a stable and bounded control signal.

Experimental evaluation of MRAC, by Neuman and Morris, demonstrates that control signal

saturation in the DAC can occur quite often when controlling low-pass systems, such as robot

joint actuators. The feedback path of the FP controller can be characterized as a high-pass

filter when the process under control exhibits a low-pass frequency response. Measurement

noise is amplified and the control signal quality deteriorates.

Guaranteeing the asymptotic stability of el does not insure the asymptotic stability of eoFP

when a control penalty is used.The identification-error becomes
A

eID(k) = -e.FP(k) + b -(1 - )u(k- 1)

It elD(k) goes to zero, the FP error is related to the control signal according to
A

eoFP = (k 1-)u(-1) (A. 18)

If the control signal becomes unbounded, the FP error is not asymptotically stable. This can

occur if the actual or estimated plant has non-minimum phase zeros lying outside the unit

circle. The computations below illustrate that the poles of the adjustable controller are

determined by the estimated plant zeios. Thus, when the zeros lie outside of the unit circle,

the controller poles become unstable. In addition, the control signal can become quite large if

the plant zeros are not accurately estimated. This often occurs in actual implementations
A

when b1 is underestimated due to measurement and signal transmision dela'ys through the

ADC and DAC converters.

A
To specify the control penalty, a lower bound bLB is placed on the magnitude of b1 (k) used

to calculate the controller gain. The value of ir(k) is specified according to
A

* D~k) A

b if bIL(k)<bLB
w(k) bLB

A
1 if bl(k) bLB.

It remains to choose bLB so that u(k) remains bounded. To accomplish this task, the Jury

S.- --. - . .
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stability conditions are applied to test the location of the controller poles {p,} at each

computational cycle. When pole magnitudes exceed the design parameter Y, where O<y<l,

the value of bLB is increased (thus reducing ff) until the poles lie within a circle of radius Y in

the Z-plane.

The controller characteristic equation is determined by taking the Z-transform of (A.12) with

the control penalty enhancement included. The control signal is
nA

b1 (k) i=1
U(zt) =(k) n A

1 + b~i=, o(k)z'(i.1)

and the controller characteristic equation is

F(z") = 1 + (-' k) b(k)z'(i't). (A. 19)b(k) i=2

Thus, the estimated plant zeros determine the controller poles.

The Jury conditions are applied to (A.19) for a second-order system (n =2) by expressing

the characteristic equation in positive powers of z as:
A

b (k)
F(z) = z + V(k),- . (A.20)

b I (k)

To test for lpl<y, apply the transformation z = yz to obtain
A

b 2(k)
F(z) = yz + 7T(k), .

bl(k)

For this characteristic equation, the Jury condition is:

A AIlw(k)b 2(k)/b 1(k ) 1< y

and the control penalty is calculated according to

A A

1 if lb2 /bll<y

7 (k) =(A.21)

A A A A

(bI/b2)7 if lb2 /bl>y

Series-Parallel Reference Model Signal

-t W A . -_it.r
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Neuman and Morris have shown that increasing the control penalty of the FP MRAC (to

suppress noise and increase the stability margin) can lead to a highly oscillatory closed-loop

response. An enhancement which further reduces the high-frequency gain of the feedback

path (thus reducing noise amplification and producing a closed-loop system which does not

exhibit a highly oscillatory response as the control penalty is increased) is the aeries-2arallel

(SP) reference model signal enhancement. The SP reference model signal, which improves

performance at the expense of slower tracking of the FP model, is implemented by replacing

the recursive component x(k) of (A. 13) by a non-recursive filtering of the process output y(k):
rn m

X~~~(k) = -~(i1)]rk [ ai1] y(k). (.2
SP i=1 i=1

In contrast to the control penalty, this enhancement leads to an asymptotically stable FP

output error

e<, jk) : - ) (A.23)

where
• :_". AM(Z' ) Z Am(q')

If the FP model specifies the stable filter 1/A (q ')],the FP output error is asymptotically

stable if e)D(k)is asymptotically stable. Transient identification errors produce slower tracking

of the reference model due to this filtering effect.

'-

-'V

• " • . " ',", q- - ". ". .. . " - - *l. °. . - -. • ° ° .° . • . ..
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Appendix B
Dynamic Equations for 2 DOF Arm

This appendix presents the derivation of the dynamic equations of motion foi the 2 DOF arm

described in Section (4.4). The derivation is based on the Lagrange-Euler formulation for rigid

body structures [Paul 81]. The Lagrangian function L is first defined as the difference

between the kinetic energy K and the potential energy P of the system:
L "-K-P

The dynamic equations are then

*,- 0L LF. (8.1)

at aqi aqi

where qi and q, are the generalized position and velocity coordinates. F is the corresponding

force or torque acting on the ith joint. For an articulated robot arm, q 1-O,, and F, corresponds

to joint torque. If an n DOF manipulator is described by a set of homogeneous transforms

{A1}, then (B.1) becomes

n ji TT"T aTT.
F, TRACE(. 'LJ._O
j=1 k=1 aii

+ TRACE T. T.

=1I k= IM=1 aqaq aqi km

+ mi 9 'J. (13.2)

Tk-Al A2 ... Ak

The pseudo-inertial matrix, Ji' of the ith link is:

4

I

I.
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41 + 1. +1I%IXX Ivy izE .z
2 l~~~Xy~ xZ

% X 2 Ix I

I. lx IVVy IZZ~iv l m z
2X iyz 2

mix mi 1  m.z

where the first and second moments are

I(Y2 +Z2 )dmn; y =f (X2 +Z2)dm ; Izf (X2+y2 )dm;

l~:xydm Idm; I m I fyz dm;

m~z = fxdm; MV = fydm; mi =fzdm m=fdm

and i is the homogeneous vector defining the position of the center of mass of link j relative

to the ihcoordinate frame. g defines the gravitational field. And, m. is the mass of the it" link.
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For n =2, (B.2) is: A

F1= [TRCE OTTJ TRACE( - 2 Toq t  aq t  5q, aq,
+[TRACE(L-ZJ1 2 "2) 2

aq1  O aq 0q q

aq2  q1
2

+ (TRACE( 02T LTT TRC( 2
.aqlaq, Aq aqlaq, oq,

+ [TRACE(+---2) TRACE( 2 r aTT q11q
aqaq2 2aq aq2 q, aq1  2

• m TA __T_.__mg TT 2(B32aq 2  aq

4 and,
F2 =(T-RACE(T2 U," ' 2

0q 2 0q2 2 + q2 q2
T T 2

FJ+2 "T ) + (TRACE( -2 2) C12

+ + ----- ,-.q10aq2  2  aq2aq2 aq2
+[TRACE( alq I aq, J 2 aT2 ) qC2

.m2gT (122 B.4)
Oq2

o.|

+ TAE([ Al) TAE( 2-1

aqlaq2 aq2 aq2 aq a°

a2 T 
..

%°~~~~~ ~~~ (T A E 2 o• - J °.% .° - .. 2 o 2))"% . o -. • ,. q ," .... • 2. . ° , 2 .
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A , For the arm in Figure 4-9, the (A,) mnatricies are:

c1 S1 0ru 1  A- c'S20 r 2 21A I= S C, 0 r!S A A2= 2 C 20 r 2 2
C0
0 10 0 0

where
Ci- coslO )
Si--sin(O)

Thus,

T =A 1

rc12 -S12 0 r2 C 12 +rIC"1
T 2 =A IA2 =L12 c12 0 r2Sr0 0 1 r21 0

0 0 0 1 J
where

C. _cos(0. + 0.)
4 S -sin(O + 0.)

The partial derivatives of the T transforms are:
S ,C 0 -r,

aT 1 -CI  0 1 1

1 0 0 0 0 2

0 0 0

aT2  -C1  S 0 -

r '  0 12 "C 0 -rS,2rS12o 0 l0 0 0 12 0 *rC 2rC

aT [1 12 r2 cj Q 12 12 2 12 1 1

o o 0 0 0 0

• ': ~~~~~~~~~~... . . .. . . ..: . . . ..........-.........-.... , --.-- v,--... -...-"L.
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a .12 S12  0 -r2C 12  ZIT2  -C2 12 0 .r2 C1212 C1 - 122S Q C 120 2S
2 110 0 0 1 P2 0 0 0 0j

L0 0 0 0 0 0 0 0

C 2 C S 12  0 r2 C12j aT2  -01 S 12 0 2 C 12'rI C IoS C 0 -r " - 1 0 -r Sr
K 00 0 0

: aT2 F C 2 S 12 O -2C121 T" 12 S 12 0 -2C 2 -r C
ao 2 02 S0 "0 O0 0r ao Iao 1 0 0120 o"0l~l

0 0 0 0 0

The J and J matricies are calculated for the links in Figure B-2 and Figure B- I.

1 2 2
Y2

mrz  z mP2

Figure B-i: Link #2

y1

YY!

mc mr/ 1  mP,

Figure B-2: Link #1

Since the each link consists of a point mass, located at the orgin of it's coordinate frame, and

a thin rod in the X-direction, all of the interial components in the Y and Z directions are zero.

Thus,



The mass of the portion of the link modeled as a thin rod is
mr = I

where p is the density and V is the volume. If the rod cross- sectional area is A, then
dm = pAdx

Thus,

*rr2

X2 dm fo xd= fx mdx r2 r
22 2

Thus,

m 2  n R... j2 0 0 r2-
3 2

J- 0 0 0 0
0 0 0 0

!L2 0 0 (m r2 + mp2)

* For J1 (refer to Figure 8.2):

= 12 xdm + / xdin

- 2cLIi)2 +m(r,+-)2 +
12 k 2k1 3 nn

And,

0

0 L . j:&:.ji:.
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Thus,

r 2 -3- + mc( 1 +-J+-)] 0 0-r 2 '-+mc(l+2")13 Ck k 2 2k

J1= 0 0 0 0
0 0 0 0

-r[2mri+ m( 1.±+ 0 0 (mr + mP +MC)2 2k

The gravitational components are defined next. If gravity acts in the X0 direction, then

g=lg 0 0 OT

To find the center of mass of the second link, r2.eq, set the first moment, xdm, equal to the

net mass times r2.eq. Thus,

2 r2 p2 2-eq'

r ~m r2

r2.eq= 2  ~ *r 22(mrI + mp2 )

and hence

2 r2 .eq 0 0 11T

Similarly for link 1

rle ri [-' + mc (i +~)rlI-eq 2

(mr + mp1 + mc)r-eq

4 and hence

= [rieq 0 0 1 ]T

Equations (B.3) and (B.4) become:

F =D D + 1  +D 0 + D  2 +D1 1 1 12 2 112 1 2 122 2

F2 = 12 1 + 22§2 + 211 12 + 2

4
where

6:

. I. .. ... . . , . .. . . .- : : .
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"[,+!+ + +M r +2rr [ ]r23k2 pr2 p21 1 122 1M2 Mp2l + I2p2 2

2 22
D112 2= rr 2S 2 r2 + m p2

2
D1224 -rr I+ r 2 

1 S 1 m2 [ irpSm

D2 PgIm r  
r 2kp 2- 1i

2  1r2S2 rl1 p2)

0 22 =[Mp2 +- r 2]r

D211 rIr2 22 + mp 2 ]

D2 =gr2s12 Mp2 2 ]

62

0

0

0

. . . . - - . . . . - ,
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Appendix C
2 DOF Controller Parameters

The independent SP MRAC controller, for the 2 DOF configurations, is outlined in this

appendix. The same controller parameters are used for both the linear and nonlinear

kinematic configurations. All simulations and control structures inc!ude a measurement delay

(i.e.. nd = 1). Independent adaptive and fixed controllers are implemented in Chapter 6

according to:

1. Control signal: (3.10)

2. Identifier: (3.4),(3.5), and (3.6) with N= 0.85 . T e identifier is initialized according
to Table C-1, and the initial signs of b,(0) and b2 (0) are selected according to the
sign of the corresponding diagonal elements of the sensitivity matrix. The values
in Table C- I are identical to those used in the single degree-of freedom examples
(in Table 5-1), with an exception at the sampling period T = 0.003 sec. The gain
matrix initilization is increased, to yield acceptable response for the noiflinear
robot configuration.

3. Control penalty : (3.12), with y = .65

4. SP Reference Model : (A.22). The reference model bandwidth w n is specified for

each set of examples, while T is varied to evaluate the effects of changing the
sampling-to-bandwidth ratio (Is/fBW). The open-loop reference model time
constants are selected according to the methods outlined in section 3.6.1., and
the discrete model parameters are generated according to the method outlined in

Section 3.3.3. The same closed-loop bandwidth is specified for each
4 independent controller.

5. Scale Factors:

SFT = .033 = 2500
SFT =.o 13 = 5000

4 SFT =.003 = 10000

6. LMFC : The fixed controller is implemented by fixing the gains of the adjustable
controller to the staedy-state values identified in initial adaptive trials.

4
I "
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P(O) P Thesh _(0)

0.033 Diag [10 10 80 80] 2500 [±10 _10 1.1 -0.1]

T(soc)r
0.013 Diag [1 1 1 1] 100 [±1 t 1.5 -0.5]

X Feature Controllercoy

0.003 - may [.1 .1 .01 .01]_ _ 10 E , t 1. _ .5 T
0.003----------------1 [+_1 +_ 1.5 -0.5]

lungth Feature Controller

niaj [2 1 I] 

Table C-1: Identifier Parameter Initialization (2 DOF)
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Appendix D
3 DOF Controller Parameters

The simulations in Chapter 3 are implemented with the sampling period T = 0.003 (sec) and

a bandwidth wn=44.51 (sec'), or fs/faw=47, as in the 2 DOF evaluation. Tile MRAC

controller is implemented according to the outline presented in Section 6.2 with the exception

of the identifier initialization and scaling factors. The identifier is initialized according to Table

D-1.

T(sec) P(0) PThresh 0

Xcoo & A rei Feature
Control lers

0.003 Oiag [.1 .1 .01 .01] 10 [±1 ti 1.5 -0.5]

Absolute Area Feature

Controllers
__ _ _ _ Diag [.5 .5 .1 .1]

Table D-1: 3 DOF Parameter Initialization (T = 0.003 sec)
The initial adaptive gains, P(0), for the absolute area identifiers (i.e., Ai or A. +) are larger than

for the other features. When all feature identifiers were initialized with the lower gains,

P(0) = [0.1 0.1 0.01 0.0 1], the area controller would exhibit poor transient response and result
A A

in sgn[bl]ss]sgn[b 2 ss]. It was observed throughout this research that, when this occurs,

improved transient responses can be achieved by increasing the initial adaptive gains for that

feature, assuming large enough sampling-to-bandwidth ratios.

The initial parameter vector gain initializations [b1 (0) and b2(0)] were reduced from the

values used for 2 DOF configuration. In the 3 DOF configuration, the camera will be mounted

at a relatively long distance from the turntable, which significantly reduces the magnitudes of

J, and therefore plant gains.

I

I

..°-
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The scale factors are assigned according to
Feature SF

x3
xcog 10

Area (Aior A. +.) 106

Are 104

The path constraint hierarchy, described in Section 2.5.3, is represented in Figure D- 1 for

the 3 DOF configuration.

@t=kT

Take Picture

*Control Only X-axis

% \ > YES W/X cog

E = Z)*Restrict Y & e--axis
/ by Brake

NOI

*Control X & e--axis

%4 AI E YES w/X .og& Aru respect ivel y

"Restrict Y-axis by brake

NO______________~

* Control all DOF

Figure D- 1: Hierarchy for 3 DOF Configuration

AI
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Ii Figure D-1, the featuires which dominate each DOF follow from (7.4). During transitions

between levels of the hierarchy, the identifier for each controller is fixed for three sampling

periods according to Section 6.2.3.3.
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